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Abstract
The microbial‑induced carbonate precipitation (MICP), as an emerging biomineralization technology mediated by specific 
bacteria, has been a popular research focus for scientists and engineers through the previous two decades as an interdisci‑
plinary approach. It provides cutting‑edge solutions for various engineering problems emerging in the context of frequent 
and intense human activities. This paper is aimed at reviewing the fundaments and engineering applications of the MICP 
technology through existing studies, covering realistic need in geotechnical engineering, construction materials, hydraulic 
engineering, geological engineering, and environmental engineering. It adds a new perspective on the feasibility and difficulty 
for field practice. Analysis and discussion within different parts are generally carried out based on specific considerations in 
each field. MICP may bring comprehensive improvement of static and dynamic characteristics of geomaterials, thus enhanc‑
ing their bearing capacity and resisting liquefication. It helps produce eco‑friendly and durable building materials. MICP is 
a promising and cost‑efficient technology in preserving water resources and subsurface fluid leakage. Piping, internal ero‑
sion and surface erosion could also be addressed by this technology. MICP has been proved suitable for stabilizing soils and 
shows promise in dealing with problematic soils like bentonite and expansive soils. It is also envisaged that this technology 
may be used to mitigate against impacts of geological hazards such as liquefaction associated with earthquakes. Moreover, 
global environment issues including fugitive dust, contaminated soil and climate change problems are assumed to be palli‑
ated or even removed via the positive effects of this technology. Bioaugmentation, biostimulation, and enzymatic approach 
are three feasible paths for MICP. Decision makers should choose a compatible, efficient and economical way among them 
and develop an on‑site solution based on engineering conditions. To further decrease the cost and energy consumption of 
the MICP technology, it is reasonable to make full use of industrial by‑products or wastes and non‑sterilized media. The 
prospective direction of this technology is to make construction more intelligent without human intervention, such as autog‑
enous healing. To reach this destination, MICP could be coupled with other techniques like encapsulation and ductile fibers. 
MICP is undoubtfully a mainstream engineering technology for the future, while ecological balance, environmental impact 
and industrial applicability should still be cautiously treated in its real practice.
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Introduction

The first two decades of the twenty‑first century have wit‑
nessed the rapid growth of global economy. Infrastructure 
construction, as a foundation for the developing economy, 
has been paid great attention to by countries all over the 
world, especially developing countries with huge popu‑
lations. As the construction activities of human beings 
become more and more frequent and intense, engineer‑
ing problems keep emerging in an endless stream. Among 
these problems, some have been commonly acknowledged 
as world‑wide challenges, such as soil liquefaction miti‑
gation, water resources protection, structural rehabilita‑
tion, slope stabilization, erosion control, and hazardous 
waste disposal (U. E. P.2008; Osinubi et al. 2020; Yu et al. 
2020). However, although experts and engineers have tried 
many approaches to solve these existing challenges, many 
of them still remain too interrelated and far‑reaching to 
be understood and handled via knowledge and methods 
within a single discipline (DeJong et al. 2011; Jiang et al. 
2020), setting the interdisciplinary approach a priority 
for scientists and engineers. On the other hand, after the 
outbreak of the COVID‑19 pandemic, the world calls for 
safer, more efficient and greener technologies and adapta‑
tion strategies in civil, geotechnical and geoenvironmen‑
tal infrastructures (Tang et al. 2020a). Meanwhile, these 

novel engineering technologies, which are promising for 
the future, have been embraced globally within the frame 
of Sustainable Development Goals (Fig. 1).

In recent years, there are more and more discussions about 
applying biological processes in engineering. Biogeotechni‑
cal engineering, a new paradigm requiring multidiscipline 
thinking, embraces biology, geochemistry and geomechan‑
ics (DeJong et al. 2013). Amongst lots of biogeotechnical 
engineering technologies, microbial‑induced carbonate pre‑
cipitation (MICP) acts as an innovative sustainable biomin‑
eralization technology (Fig. 1) and attracts wide attentions 
due to its feasibility and convenience in various fields (Chu 
et al. 2011; Liu et al. 2021a, b; Martinez et al. 2021; Zeng 
et al. 2021), including geotechnical engineering, hydraulic 
engineering, geological engineering, ocean engineering, and 
environmental engineering (Terzis and Laloui 2019; Cheng 
et al. 2021; Matsubara 2021; Sharma et al. 2021). The MICP 
technology makes use of specific strains of bacteria which 
widely exist in nature and can deposit calcium carbonate 
through metabolic activities (Ramakrishnan et al. 2001; 
Dhami et al. 2013; Salifu et al. 2016; Gardoso et al. 2020). 
These calcium carbonate crystals showing high strength and 
stable properties have the ability to fill gaps between parti‑
cles, bind them together and then cement materials (Fig. 2). 
Therefore, the MICP technology has been utilized to prevent 
liquefication of sandy soil, manage the leakage of containers, 
repair cracks in structures, mitigate seashore erosion, slope 

Fig. 1  Relationships between Sustainable Development Goals (published by United Nations Department of Global Communications) and the 
engineering technology (e.g., MICP), explaining existing problems and main challenges
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failure and heavy metal contamination, etc. (Chu et al. 2013; 
Liu et al. 2020a; Tang et al. 2020b; Meng et al. 2021a, b). 
Compared with traditional engineering technologies, like 
compaction by rollers or densification by vibroflotation, the 
MICP technology has less physical impact on the environ‑
ment. For example, when carrying out biogrouting on site, 
only small injection and extraction wells need to be drilled 
and pumping equipment needs to be installed (van Paassen 
2011). Compared with conventional chemical grouting tech‑
nologies, the bacteria and cementation solutions employed 
by MICP have lower viscosity and can infiltrate into earth 
materials more easily (Chu et al. 2012), making deeper 
and thicker cementation possible (Ivanov and Chu 2008). 
Moreover, the mechanical/hydraulic properties of materials 
improved by MICP also maintain extraordinary durability 
(Ramakrishnan et al. 2005).

Carbonate precipitation could be achieved through 
many different biological or biomineralization processes, 
including ureolysis (Yu et al. 2020), denitrification (Pham 
et al. 2016; Hamdan et al. 2017; O’Donnell et al. 2019), 
sulphate reduction (Warthmann et al. 2000; Le Pape et al. 
2017; Hwang et al. 2018; Gu et al. 2019), and iron reduc‑
tion (Ivanov et al. 2010; Weaver et al. 2011; Zeng and Tice 
2014). Enzymatic hydrolysis process of urea has attracted 
the widest attention because of its high energy efficiency, 
low cost, controllable reaction process, and direct separa‑
tion and harvest procedure (DeJong et al. 2010). The key 

part of the enzymatic hydrolysis process of urea is the 
catalytic effect of urease produced by specific bacterial 
strains. Fujita et al. (2000) firstly found the correlation 
between calcium precipitation rate and urea hydrolysis 
rate. Among all urease‑producing bacteria strains, Sporo-
sarcina pasteurii (ATCC 11859), a bacterium isolated 
from soils, is generally considered to catalyze urea hydrol‑
ysis at the highest rate (Terzis and Laloui 2019). Com‑
pared with other bacteria strains, Sporosarcina pasteurii 
is more adaptable to the environment (Kannan et al. 2020). 
In addition, Sporosarcina pasteurii appears to be high‑
yielding and efficient in calcium carbonate producing. The 
mechanism of MICP through urea hydrolysis process is 
that urea can be decomposed into  CO2 and  NH3 by urease 
secreted from the bacteria cells (Eqs. (1), (2)). During the 
urea hydrolysis process, bacteria can also utilize urea as 
their energy and nitrogen source for respiration, where 
 CO2 is also produced. In alkaline environment caused by 
 NH3 (Eq. (3)),  CO2 is converted into  CO3

2− (Eq. (4)). At 
the same time, bacteria are able to absorb  Ca2+ from the 
surrounding environment onto their cell surfaces with 
negative charge (Fig. 3a). Then, when  Ca2+ encounters 
 CO3

2−, large quantities of calcium carbonate crystals form 
and deposit on the surface of the bacteria cells (Fig. 3b), 
resulting in bonding granular particles and filling internal 
pores and cracks of materials (Eq. (5)) (De Muynck et al. 
2010a; Montoya et al. 2013; Qian et al. 2015; Jiang 2021).

This paper aims at reviewing geo‑engineering applica‑
tions of the ureolysis‑based MICP technology, from an 
interdisciplinary perspective of biology, geochemistry, 
geomechanics, hydrology, geology, and environmental 
engineering (Fig. 4). More specifically, this paper cov‑
ers the applications of MICP in geotechnical engineering, 
construction materials, hydraulic engineering, geological 
engineering, and environmental engineering with a focus 
on the implementation, efficiency, cost/viability and envi‑
ronmental impacts of the MICP technology in these fields. 
In addition, the future opportunities and challenges for 
engineering applications of MICP are also discussed.
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Fig. 2  Schematic representation of bacteria cells (black) attach‑
ing on soil grains (brown) and inducing the formation of calcite 
crystals(white); system of grains (top) and porous assembly of soil 
grains (bottom) (Terzis 2017)
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Fig. 3   Schematic drawing for the MICP process: (a) Cell membrane of Sporosarcina pasteurii; (b) Principles of the MICP reaction

Fig. 4   Schematic drawing for 
the interdisciplinary approach 
of this review
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Geotechnical engineering

The concept of bio‑mediated geotechnical engineering 
was firstly proposed at the end of the twentieth century 
(Stocks‑Fischer et al. 1999; Fujita et al. 2000). Particu‑
larly, the MICP technology has received the greatest 
research focus in the community of geotechnical engineer‑
ing since then. Generally, MICP seems to be versatile in 
the field of geotechnical engineering. In this part, several 
typical applications of the MICP technology in geotech‑
nical engineering are reviewed with a focus on the extent 
to which this technology can improve the macro‑scale 
mechanical properties of geomaterials.

Enhancing soil bearing capacity

Like many other thriving engineering technologies, the 
MICP technology is faced with the challenge of up‑scaling 
implementation when it comes to improving the mechani‑
cal properties of soils, such as bearing capacity. According 
to MICP trials at the laboratory scale, common agreement 
has been reached among researchers that current knowl‑
edge provides with the necessary proof of concept and 
establishes sufficient basis for performing it in field‑scale, 
real applications. Basically, the unconfined compressive 
strength (UCS) has a positive relationship with the bear‑
ing capacity of soils, thus is commonly used to reflect it 
(Choi et al. 2020). Figure 5 shows the compiled data on 
the relationships between the cementation content (δ) and 

UCS (σ) of the MICP treated sand from different litera‑
tures, which could help understand the potential of MICP 
to boost the biochemical reactions and add to the bearing 
strength of soils (Eq. (6)).

Attempts have been carried out referring to various 
schemes designed for the field‑scale MICP treatment to 
enhance the bearing capacity of soils (Fig. 6). The most 
common approach for large‑scale MICP treatment is bio‑
augmentation (Mujah et al. 2017; Xiao et al. 2019b; Jain and 
Arnepalli 2019). A test was designed to further evaluate the 
process of biogrouting in sand filled boxes of 1  m3, simulat‑
ing a single point injection (van Paassen et al. 2009). Then, 
a pilot test injecting Sporosarcina pasteurii into fine sand 
placed in a 100  m3 scale was performed (van Paassen et al. 
2010). Results showed that bacteria could disperse over a 
long distance in sand, which showed feasibility for calcify‑
ing sand and enhancing it in‑situ. Remarkably, the resulting 
strength was up to 12 MPa. Li (2014) also used this grouting 
method to solidify 1  m3 sand body. The difference was that 
multiple grouting ports and extraction ports were set on both 
sides of the 1  m3 model. The cementation efficiency was as 
high as 93%, the average  CaCO3 content was 4.55% (mass 
percentage), and the UCS was 1.0 ~ 1.4 MPa.

Meanwhile, steps towards up‑scaling MICP technol‑
ogy for soil‑strengthening are not limited to bioaugmen‑
tation. It is also promising to encourage the growth of 
indigenous alkalinity‑tolerant and urease‑producing 
microorganisms within the geomaterial using nutrient 
solution and calcium source. This approach is known as 
biostimulation (Crawford et al. 2013; Wang et al. 2020). 
Gomez et al. (2017) conducted a large‑scale biocementa‑
tion experiment to evaluate the differences in improve‑
ment of geotechnical properties obtained using a bioaug‑
mentation approach with Sporosarcina pasteurii and a 
biostimulation approach, which stimulated native urease‑
producing bacteria strains for MICP. They prepared two 
1.7‑m‑diameter 0.3‑m‑thick soil tank specimens using 
two different approaches and treated them over twelve 
days. Nonuniform spatial distribution of improvement 
was observed. Highly cemented regions achieved shear 
wave velocities over 960 m/s and the increase in cone tip 
resistances of over 419%, demonstrating that biostimula‑
tion is comparable to bioaugmentation in improvement 
at the meter scale. The use of the stimulation approach 
is considered to bring significant reductions in environ‑
mental and ecological impacts and anticipated treatment 
costs (Gomez et al. 2014; Jiang et al. 2020). But consider‑
ing the whole life cycle of MICP, the total environmen‑
tal impact and economic cost are hard to be precisely 

(6)σ[kPa] = αUCS ∙
(

δ

1%

)βUCS

(6)

Fig. 5  Relationships between the unconfined compressive strength (σ) 
and the calcium carbonate content (δ) (αUCS and βUCS are the empiri‑
cal fitting parameters) ([A] Whiffin et al. 2007; [B] Cheng et al. 2013; 
[C] Zhao et al. 2014; [D] Choi et al. 2016a; [E] Choi et al. 2017a; [F] 
GGNN and Kawasaki 2017; [G] van Paassen et al. 2010; [H] Shana‑
han and Montoya 2014; [I] Soon et al. 2014; [J] Cheng et al. 2017; 
[K] Gomez and DeJong 2017; [L] Li et al. 2018b; [M] Qabany and 
Soga 2013; [N] Cheng et al. 2014; [O] Choi et al. 2016b; [P] Danjo 
and Kawasaki 2016) (Modified from Choi et al. 2020)
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estimated (Porter et al. 2021). Enzyme induced carbonate 
precipitation (EICP), the  CaCO3 precipitation technology 
using purified enzyme directly, is also worth considering. 
It is more straightforward than using bacteria, because 
the cultivation and the fixation of bacteria (i.e., biologi‑
cal treatment) are not necessary (Yasuhara et al. 2012). 
A precipitation ratio up to 80% could be obtained using 
a small amount of the enzyme (2.0 g/L) and the stiffness 
of samples obtained from large‑scale samples showed the 
efficacy of this EICP technique for in‑situ applications 
(Neupane et al. 2013).

One challenge for engineering application of the 
MICP process is the overall cost, including biomass pro‑
duction and recovery of by‑product (e.g., ammonium 
ion and ammonia). However, for a range of UCS lower 
than 500 kPa, the cost of MICP was comparable with 
techniques such as jet grouting, laying a firm foundation 
for optimizing MICP process for economical usage in 
enhancing bearing capacity in the field (Filet et al. 2012). 
Similarly, possible replacement of costly yeast extract, 
which is commonly used for the growth of Sporosarcina 
pasteurii (Achal et al. 2009), with sodium acetate and a 
new cost‑effective sequencing batch mode of injection 
were evaluated by Kakelar et al. (2016). A substantial 

cost saving (53.4%, compared with Al‑Thawadi et  al. 
2012) was achieved with the UCS of 525 kPa and uni‑
form  CaCO3 distribution even for poorly graded coarse 
sand using the proposed injection method, inducing an 
improved MICP cementation technology for practical 
enhancement.

Resisting soil liquefaction

Soil liquefication generally results from an applied stress 
such as shaking during an earthquake or other sudden 
change in stress condition and has led to significant failures 
(Burbank et al. 2011), posing great risks to the safety of 
geotechnical engineering (Stabnikov et al. 2015). Seismic‑
induced soil liquefication generally occurs in relatively loose 
sandy soils below the ground‑water table. When seismic 
waves cyclically shear the soil, the porewater pressure of the 
soil increases and substantially decreases the shear strength 
of soil. Apart from some traditional technologies to prevent 
soil liquefication, including chemical cementation, densifica‑
tion, drainage and thermal stabilization (Mitchell et al. 1995; 
Chu et al. 2009), biological approaches have been taken into 
consideration because they are less toxic to the environment 
and less intrusive to property owners.

Fig. 6   Large‑scale MICP cementation experiments to enhance the 
bearing capacity of soils, with set‑up (top) and cemented sample 
(bottom): (a) Through bioaugmentation (van Paasen et al. 2010); (b) 

Through biostimulation (Gomez et al. 2017); (c) Through enzymatic 
approach (Neupane et al. 2013)



Environmental Earth Sciences (2023) 82:229 

1 3

Page 7 of 33 229

The saturation of the soil directly effects the pore water 
pressure under cyclic loading and consequentially decides 
the potential of soil liquefication. Therefore, desaturation is 
considered a key solution towards soil liquefication prob‑
lems. Using microbially generated gas bubbles to desatu‑
rate sandy soils as a method to remediate liquefication was 
explored by researchers (Eseller‑Bayat et al. 2012; Montoya 
et al. 2012; Simatupang and Okamura 2017). However, the 
desaturation state could only remain for a relatively long 
period under hydrostatic conditions (Yegian et al. 2007;  He 
and Chu 2014). Relatively, the MICP process could obtain 
the cementation integrity, which promotes a change in the 
behavior of geomaterials from ‘soil like’ to ‘rock like’, with 
an increase in treatment level (DeJong et al. 2013). Particu‑
larly, the cohesion of soil increases as the calcium carbonate 
cements soil particles, thus preventing liquefication risk. The 
extra 21 kN/m2 cohesion could be achieved for potentially 
liquefiable sand to meet the criterion of safety (Filet et al. 
2012). In addition, the slight change of permeability sug‑
gests that MICP may provide a measure against liquefaction 
that does not disturb groundwater flow (Inagaki et al. 2011). 
O’Donnell et al. (2017a, 2017b) concluded the desaturation 
and MICP process as a two‑stage process for the nondis‑
ruptive mitigation of liquefaction potential. In Stage One, 
short‑term mitigation is provided by desaturation; in Stage 
Two, mitigation is provided by MICP. Hamdan et al. (2017) 
also proved the same mechanism that might be useful for 
mitigation of earthquake‑induced liquefaction.

Tests have been carried out to prove the effectiveness 
of MICP for improving soil liquefication resistance, gen‑
erally underscoring the dynamic response of treated soil 
(Table 1). Improvements in compressive strength of soil 
treated by MICP were observed carefully. In the centrifugal 
model tests subjected to ground motions consisting of sine 
waves with increasing amplitudes, the soil treated by MICP 
showed lower excess pore water pressure, higher accelera‑
tion response and lower residual deformation than untreated 
soil (Inagaki et al. 2011; Montoya et al. 2013). However, 
surface accelerations were also amplified at heavy levels of 
cementation. A compromise between improving liquefac‑
tion resistance and minimizing undesirable surface accelera‑
tions must be reached when designing the soil improvement 
level (Montoya et al. 2013). The use of bacteria solution 
and nutritive salt can be reasonably reduced, and solidified 
time can be shortened to 1 ~ 2 d because if the loose sand 
is strengthened to a “dense sand like” behavior, the solidi‑
fied sand will not easily liquefy under an earthquake (MS8 
seismic intensity) (Han et al. 2016). Apart from siliceous 
sand, calcareous sand is a biogenic material with natu‑
ral advantages for the carbonate crystal‑particle interface 
strength (Xiao et al. 2018, 2019a). For example, Khan et al. 
(2015, 2016) conducted some initial investigations on the 
coral sand using different bacteria and achieved unconfined 

compressive strengths in the range of 13 ~ 20 MPa. On the 
other hand, Sasaki and Kuwano (2016) found that siliceous 
sand with a 30% clay fraction showed no increase in liq‑
uefaction resistance following microbial precipitation of 
 CaCO3. This was because the void ratio of the mixture was 
much smaller than that of siliceous sand at a similar relative 
density, causing the clogging of the bacteria near the areas 
where bacteria were injected.

Biostimulation has also been proved to be an effective 
MICP approach in preventing liquefication in permeable 
soils with sufficient urease positive microorganisms (Bur‑
bank et al. 2011). In‑situ field tests showed that the biostimu‑
lation approach of MICP could be applied in the field at a 
large scale. The CPT data showed liquefaction resistance of 
soil was increased significantly for some soils only with cal‑
cium carbonate precipitation of 3.5% or less (Burbank et al. 
2011). Undrained cyclic triaxial shear showed the cyclic 
resistance ratio increased over two times for 2.1 ~ 2.6% cal‑
cite precipitation and 4 ~ 5 times for 3.8 ~ 7.4% calcite pre‑
cipitation (Burbank et al. 2013).

Construction materials

Eco‑friendly and durable building materials have always 
been a pursuit for green structural construction. Incorporat‑
ing bacteria into the production of materials and external 
bio‑treatment for existing materials are two main attempts 
towards improving the properties of construction materials 
using the MICP technology (Khaliq and Ehsan 2016; Choi 
et al. 2016a). In this part, popular applications of the MICP 
technology in construction materials are discussed. This 
technology could play different roles in building materials 
as categorized in following sections.

Improving cement/concrete mortar mechanical 
behavior

In the beginning, the trials of using the MICP technology 
for construction materials oriented introducing biomass 
into cement/concrete matrix to improve its properties (e.g., 
strength and durability). Adding microorganisms (e.g., She-
wanella) alone was once proved effective to raise up the 
strength of cement matrix due to the fibrous organic mate‑
rial (mainly dead cells) produced in it (Ghosh et al. 2005). 
But it required a long period (28 d) for curing and a high 
concentration of bacteria but resulted in modest improve‑
ment. Remarkably, some successful trials relating to MICP 
treated concrete were conducted at the beginning of this 
century with the active bacteria and suitable substrates for 
carbonate precipitation incorporated into the cement/con‑
crete mortar (De Muynck et al. 2010a). Ramachandran et al. 
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(2001) investigated the use of MICP for the improvement of 
the compressive strength of Portland cement mortar cubes. 
Although the concentration of bacteria was relatively low 
 (103 cell/cm3), Sporosarcina pasteurii turned out to increase 
the compressive strength of mortar cubes from 55 ± 1 MPa 
to 65 ± 1 MPa. Comparatively, P. aeruginosa made little 
contribution to the strength of mortar cubes due to the alka‑
line environment and lack of oxygen.

Generally, the MICP process may have positive effects 
on enhancing the strength and durability of cement/concrete 
with bacteria incorporated (Al‑Salloum et al. 2017). More‑
over, it should be noted that one of the most dominating 
factors of the durability of cement/concrete is its porosity, 
which decides the permeability of various corrosive agents 
from the surroundings into the cement/concrete matrix 
(Aitcin 2003; Reinhardt and Jooss 2003; Aît‑Mokhtar et al. 
2013; Ma et al. 2014). MICP is an ideal process for occupy‑
ing these voids within a maturing cement/concrete matrix 
(De Muynck et al. 2008a, 2008b). With active bacteria and 
suitable substrates for carbonate precipitation added into the 

mortar, the bacteria can move into the voids and produce 
carbonate, which efficiently plugs the pores or inhibits the 
pore connectivity (Chahal and Siddique 2013; Siddique et al. 
2016a, b). In this way, the bacteria were observed to increase 
the resistance toward alkali, sulfate, freeze thaw attack and 
drying shrinkage of the cement/concrete (Anbu et al. 2016). 
Also, this positive impact increased with the concentration 
of bacteria (Ramakrishnan et al. 2001). Similar positive 
results have been reported in many other researches center‑
ing the strength and durability of MICP cement/concrete 
mortar (Table 2). However, one challenge for incorporating 
bacteria into cement/concrete is that the increase in bio‑
mass, particularly dead cells, could conversely decreased 
the strength since the disintegration of the organic matter 
makes the matrix more porous (Ramachandran et al. 2001). 
Another problem is the loss of bacteria added in the cement/
concrete mortar due to the continuously decreasing pore size 
and high pH of the matrix, which is earnestly discussed in 
following parts.

Table 2  Previous studies on incorporating bacteria for improving cement/concrete mortar

Bacteria Improvement Supplement References

Bacillus subtilis Compressive strength (+ 25.8%)
Splitting tensile (+ 22.7%)
Flexural strength (+ 22%)

After 60 cycles of freezing and thawing Suliman et al. (2018)

Sporosarcina pasteurii Compressive strength (+ 36.6%) Substrate solution significant influences the 
strength

Al‑Salloum et al. (2016)

Enterobacter Compressive strength (+ 29%)
Tensile strength (+ 47%)

Various calcium sources compared Senthilkumar et al. (2015)

Enterobacter Compressive strength (+ 44%) Calcite, vaterite and aragonite identified Senthilkumar et al. (2014)
Bacillus subtilis Compressive strength (+ 15%) Bacterial cell walls (not dead cells) accelerated 

carbonation of  Ca2+
Pei et al. (2013)

Bacillus Subtills Compressive strength (+ 19.26%)
after 28 days

17.3% increase in 3 days
15.57% in 7 days

Vamped et al. (2011)

Salini coccus sp. Compressive strength (+ 2.91%)
after 28 days

16.01% increase in 3 days
3.44% in 7 days

Vamped et al. (2011)

Arthrobacter crystallopoietes Compressive strength (+ 8.9%)
after 28 days

13.6% decrease in 7 days Park et al. (2010)

Table 3  Concrete mortar with different compositions improved by MICP

Concrete addictive Bacteria Effects References

Cement baghouse filter dust Bacillus aerius Compressive strength increased, permeability reduced Siddique et al. (2016a)
Rice husk ash Bacillus aerius Compressive strength increased,

water absorption, porosity, and permeability reduced
Siddique et al. (2016b)

Fly ash Acinetobacterjohnsonii Compressive strength increased,
capillary water uptake reduced

Li et al. (2015)

Cement kiln dust mortar Bacillus sp. Compressive strength increased,
water consistency increased

Siddique and Rajor (2014)

Fly ash and silica fume Sporosarcina pasteurii Compressive strength increased, porosity and perme‑
ability reduced

Chahal and Siddique (2013)

Fly ash Sporosarcina pasteurii Compressive strength increased, permeability reduced Chahal et al. (2012)
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Producing composite concrete/bio‑bricks

Apart from common cement/concrete mortar, some 
researchers tried to analyze the effects of utilizing MICP 
for concrete with different compositions like fly ash, silica 
fume, cement kiln dust, baghouse filter dust, rice husk ash 
and blast‑furnace slag (Table 3). Here, the economic and 
ecological advantages featured by MICP are reckoned on to 
a larger extent. And this roadmap has been further developed 
in producing innovative bio‑bricks. Conventionally, produc‑
ing a unit clay brick releases 0.41 kg of  CO2 and utilizes 
2.0 kWh of energy (Zhang 2013). Thus, a more sustainable 
approach for brick manufacturing which releases less  CO2 
and utilizes less energy has been considered into practice. 
Recently, a natural, bio‑mediated process for the manufac‑
turing of bio‑bricks has been seen as a novel solution for 
those considerations of sustainability (Fig. 7) (Bernardi 
2012).

The cooperation between researchers and enterprises has 
promoted the development of bio‑bricks. MICP could be 
used to manufacture bio‑bricks, which provides a method 
for producing construction material utilizing loose pieces 
of aggregate, enzyme producing bacteria, urea and calcium 
ions (Dosier 2011). The process eliminates the need to burn 
fuel to heat a kiln to 2000 °F, as is commonly required in 
clay‑brick production, thus cutting down immensely on the 
amount of  CO2 released into the atmosphere during brick 
production. Through the design of mold and solidification 
model, the special customization of the appearance of min‑
eralized cement could be achieved. Specific properties, such 
as hardness, brittleness, water‑resistance, and freeze–thaw 
reactions are also available to provide a bio‑brick struc‑
tural and performance properties similar to a standard clay 
brick (Larson 2010). However, synthetic urea is manufac‑
tured using the Haber Bosch process still at high pressures 
(150 ~ 300 atm) and high temperatures (400 ~ 500 °C) and 
thus the process is highly energy‑intensive (Chesworth 
2007). Some researchers have used pig urine as an alterna‑
tive source of urea for MICP (Chen et al. 2018). Remark‑
ably, Randall and his group investigated using MICP and the 
remnants of human urine after being recovered for fertilizer 

production to manufacture bio‑bricks (Randall and Naidoo 
2018). The highest compressive strength of a bio‑brick they 
made was 2.7 MPa (Lambert and Randall 2019). Cheng et al. 
(2020) utilized MICP to produce bio‑bricks under 50% treat‑
ment saturation condition. The produced bio‑bricks under 
partially saturated condition gave compressive strength of 
9 MPa, which is twice the strength obtained from the fully 
saturation condition approach. Various mechanical proper‑
ties including the water absorption (about 10%), salt attack 
reaction (mass loss about 0.5 g) also demonstrated that the 
produced bio‑bricks were suitable for use as a construction 
material (Cheng et al. 2020).

The conception of ‘Reducing’, ‘Reusing’ and ‘Recycling’ 
is considered as an important part of sustainable develop‑
ment. Fitting into this background, bio‑bricks produced by 
brick aggregate and recycled concrete aggregate have also 
been pondered over earnestly (Dhami et al. 2013). Rautray 
et al. (2019) generated bio‑bricks from common agro‑waste, 
which has a tremendously better net carbon footprint than 
standard building materials and are very cheap and simple 
in production. They may have huge application potential in 
less‑load bearing wall construction, sounds reduction and 
insulation, particularly in the low‑cost sector. Grabiec et al. 
(2012) presented a surface modification of recycled aggre‑
gate using MICP method involving Sporosarcina pasteurii 
bacteria, calcium chloride (for carbonate precipitation) and 
culture medium containing beef extract, peptone and urea 
(for cultivating organisms). Plus, by‑product from dairy 
industry, which is widely considered ecologically danger‑
ous, was found to be effective as a cultural medium. Manzur 
et al. (2019) studied the performance enhancement of brick 
aggregate by MICP, finding a good way to ensure sustainable 
construction. It was found that 48 h incubation for bacteria 
culture was more effective than 24 h incubation. The longer 
incubation resulted in almost twofold reduction in aggregate 
absorption test. Compressive Strength, Rapid Migration Test 
(RMT) and Rapid Chloride Penetration Test (RCPT) of brick 
aggregate concrete resulting from 48 h incubation showed 
14%, 43% and 27% improvement over untreated brick con‑
crete, respectively (Manzur et al. 2019).

Fig. 7   Image of assembled 
bio‑brick mold (left image with 
one side removed for display 
purposes) (Bernardi et al. 2014)
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Remediating cracks

Another approach to construction material improvement via 
MICP is widely known as external treatment, which involves 
treating existing construction materials externally, for reme‑
diation. Generally, cracks may form in concrete structures 
due to aging and/or freeze thaw cycles which lead to perme‑
ability for corrosive agent intrusion (Bang et al. 2010; Wik‑
tor and Jonkers 2011). If the cracks are left untreated, they 
tend to expand further and lead to costly repair as a result. 
The use of an external treatment to help heal cracks in con‑
crete via MICP seems a promising approach since traditional 
sealants may degrade over time or are environmentally toxic; 
whereas calcium carbonate is a more durable and benign 
crack sealant (Siddique and Chahal 2011).

In the beginning of this century, many researchers started 
to investigate this microbiological way for crack remediation 
in concrete structures (Ramachandran et al. 2001; Bang et al. 
2001). Bang and his research team referred to this concept 
as ‘microbially‑enhanced crack remediation’, which means 
healing fissures with prepared bacteria solution and substrate 
for carbonate precipitation (Bang et al. 2001). In fact, there 
have been multiple considerations for realizing the MICP 
reaction in the cracks of concrete (van Tittelboom et al. 
2010; Ducasse‑Lapeyrusse et al. 2015).

The external treatment process involves allowing bacteria 
solution and substrate penetrate into the crack by capillary 
action simultaneously, and carbonate would be deposited 
at the opposite surfaces of the crack till the gap is filled 
completely through bacterial activity (Al‑Salloum et al. 
2017). De Muynck and his group prepared concrete mortar 
cubes and immersed them respectively in bacterial culture 
medium, nutrient and calcium source (calcium chloride/cal‑
cium acetate) for MICP treatment (De Muynck et al. 2008a). 
They recorded improvement in gas, water and chloride per‑
meability as well as tolerance to freezing‑thaw cycles due 
to calcite deposition (De Muynck et al. 2008b; De Belie 
and De Muynck 2008). Similar results were observed by 

treating cement‑based building materials with MICP (Amidi 
and Wang 2015; Qian et al. 2009). But this method is only 
effective for remediating narrow fissures (Fig. 8). For wider 
fissures (about 3 mm in width), Ramakrishnan et al. (2001) 
applied Bacillus Pasteurii, nutrient substrate, calcium source 
and sand (as aggregate) to fill cracks in cement mortar. 
The strength and stiffness of the cement mortar were both 
reported to increase gradually as the curing progressed. 
Jongvivatsakul et al. (2019) externally applied Bacillus 
sphaericus and urea solutions daily to the cracked mortar 
specimens. After twenty days of treatment, the MICP‑treated 
sample showed 43% higher compressive strength than that 
of cracked sample and it is comparable in terms of water 
tightness to control mortar made without artificial cracks. 
Shallower fissures got better remediation than deeper ones 
since the aerobic environment was better for the growth 
of bacteria. Moreover, the high pH value (11 ~ 12) of the 
cement‑based material hinders the activity of bacteria in 
cracks, especially for those deep ones, which poses a chal‑
lenge to crack remediation through MICP.

It is also reasonable to separate the bacteria solution and 
substrate for a two‑phase treatment. For instance, the method 
of introducing bacteria in advance into cracks and applying 
calcium source for remediating cracks when necessary has 
attracted interest. De Belie and De Muynck (2008) filled 
cracks with a mixture of bacteria and silica sol (for protect‑
ing bacteria) and then cured the specimens in a solution 
containing urea and calcium chloride. They found the per‑
meability of the specimens was reduced to a lower degree 
compared with traditional crack‑remediating technologies. 
Achal et al. (2013a) used the same method for concrete 
mortar but replaced silica col with sand. They reached an 
improvement of 37% for the compressive strength of speci‑
mens. Abo‑El‑Enein et al. (2012) also found the remediated 
specimens only showed a lowering in strength of 10% than 
the control cement mortar specimens, whereas the untreated 
ones showed a lowering of 43%. Choi et al. (2017b) devel‑
oped a cyclic method of soaking the cracked mortar samples 

Fig. 8   Schematic drawing of 
healing process of concrete 
cubes through the MICP treat‑
ment (left: the case of narrow 
fissures; right: the case of wide 
fissures)
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in the bacterium solution firstly and in the urea‑calcium solu‑
tion secondly. The results indicated that the MICP technol‑
ogy greatly reduced water permeability of the samples. The 
MICP‑repaired samples had a splitting tensile strength rang‑
ing from 32 ~ 386 kPa after twenty‑one cycles of MICP solu‑
tion treatment. A relationship between the tensile strength 
and amount of calcium carbonate precipitated was observed 
for samples, which indicated that tensile strength increased 
with the amount of calcium carbonate precipitated on the 
crack surfaces (Choi et al. 2017b). Plus, the method of incor‑
porating calcium source alone in cement/concrete mortar 
and applying bacterial culture after the appearing of cracks 
also seems practical because it would circumvent the dif‑
ficulty of retaining bacteria in vegetative or sporulated form 
for a long time (Al‑Salloum et al. 2017). But elementary 
experiments still need to be carried out about this approach.

Natural building materials like stones, have also been 
taken into account while using the MICP technology for 
remediation (Minto et al. 2016; Wu et al. 2020). Dick et al. 
(2006) found Bacillus sphaericus isolated from calcareous 
sludge effective at precipitating calcium carbonate on lime‑
stone cubes. They soaked the cracked mortar samples in the 
bacterium solution firstly and in the urea‑calcium solution 
secondly. The bacteria with a negative zeta(ζ)‑potential on 
surface would efficiently colonize positive zeta (ζ)‑potential 
limestone and produce homogeneous and coherent calcium 
carbonate coating. De Muynck et al. (2010b) concluded that 

the resistance of the limestone to water absorption improved 
with higher urea and calcium concentrations and repeated 
treatment. But the benefits of higher urea and calcium chlo‑
ride concentration should reach a compromise with the det‑
rimental impacts such as unwanted ammonium by‑product 
formation or stone discoloration. Also, it was concluded 
that the successful bacterial penetration into larger pores 
led to more calcium carbonate deposition in limestones with 
higher porosity (De Muynck et al. 2011). Cheng and his 
group made field trials in the Potala Palace, Tibet through 
bio‑grouting to test the applicability of the MICP technology 
for remediating deteriorated masonry structures (Yang and 
Cheng 2013). Visual inspection showed that bio‑mediated 
sandstone was the only material survived the harsh environ‑
ment conditions (e.g., huge temperature differences between 
day and night) without visual cracks compared with those 
sandstones mediated by lime or cement. The high‑strength 
microbial mortar they developed had a larger pore size, 
higher splitting tensile strength and a higher capability. 
Compared with traditional mixed mortar, this high‑strength 
microbial mortar withstood cyclic loading and was particu‑
larly suitable for strengthening ancient masonry structures 
that have been damaged by earthquakes (Yang et al. 2011). 
Other researchers also proved the advantages of the MICP 
technology on remediating ornamental stone, conserving 
stone culture heritage and regenerating historic patrimony 

Fig. 9   MICP repair of frac‑
tures: (a) Calcium carbonate 
deposited on granite fracture 
surfaces; (Tobler et al. 2018); 
(b) Horizontal fractures after 
MICP repair (Wu et al. 2020); 
(c) Arrows point to the primary 
horizontal sandstone fracture 
which was strengthened with 
 CaCO3 precipitation; (d) 
Arrows show regions of appar‑
ent  CaCO3 and an area where 
no apparent  CaCO3 is observed 
(Phillips et al. 2013)
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(Fig. 9) (Le Metayer‑Levrel et al. 1999; Rodriguez‑Navarro 
et al. 2003; Fernandes 2006; Liu et al. 2018, 2020c).

A step forward: self‑healing building materials

Eco‑friendly building materials are being constantly 
invented. Among them, smart and reliable materials are 
embedded with self‑resilience to future problems such as 
damage or aging. Since the applicability of utilizing bacte‑
ria as the self‑healing agent for remediating cracks in con‑
crete was autogenously investigated (Jonkers and Schlangen 
2007; Jonkers et al. 2010), it has been a popular research 
focus on the development of sustainable concrete. Autog‑
enous remediation of concrete is the process of healing of 
cracks in cementitious matrix naturally, without the aid of 
any additive or any external intervention (Luo et al. 2015; 
Lors et al. 2017). Minimal externally triggers are needed 
for the commencement of remediation. And suitable bac‑
teria should be chosen to survive concrete incorporation 
for prolonged periods of time (Fig. 10). The heat and alkali 
resistant bacterial spores, which are able to endure extreme 
mechanical and chemical stress, and nutrients can be mixed 
into the concrete mortar. Once the external water and oxygen 
enter into the cracks, the spore recovery and cracks repair 

through bacterial mineralization are initiated (Xu and Yao 
2014; Tziviloglou et al. 2016) (Fig. 11). For example, Lysini-
bacillus boronitolerans isolated from the rhizosphere of 
Miscanthus sacchariflorus has triggered attention because 
of its heat and alkali tolerance as well as high efficiency of 
calcium ion consumption (Lee et al. 2017). The increased 
pH in the urea‑minus condition during the growth of the 
Lysinibacillus boronitolerans strain promoted calcium car‑
bonate formation (Lee and Park 2019), which made it a suit‑
able candidate for self‑healing concrete (Ryu et al. 2020).

Nevertheless, the bacteria added in the cement/concrete 
mortar in advance may still suffer from great loss due to 
the continuously decreasing pore size and high pH of the 
matrix within the progress of curing (Wang et al. 2014; 
Pacheco‑Torgal and Labrincha 2014). To overcome these 
obstacles, Bang et al. (2001) employed polyurethane foam 
to immobilize the bacteria early in this century. van Tit‑
telboom et al. (2010) immobilized the bacteria in silica 
gel. Wang et al. (2012a) also suggested diatomaceous earth 
for protecting bacteria from the high pH environment. The 
bacteria immobilized by diatomaceous earth have a higher 
ureolytic activity (12 ~ 17 g/L urea decomposed in 3 d) 
than unimmobilized bacteria (< 1 g/L urea decomposed in 
3 d) in the concrete mortar and the optimal concentration 

Fig. 10   Conception of using 
ideal bacteria to create self‑
healing concrete (Lee and Park 
2018)

Fig. 11   Schematic drawing of 
conventional concrete (A–C) 
and bacteria‑based self‑healing 
concrete (D–F); Crack ingress 
chemicals degrade the material 
matrix and accelerate corrosion 
of the reinforcement (A–C); 
Incorporated bacteria‑based 
healing agent activated by 
ingress water seals and prevents 
further cracking (D–F) (De 
Muynck et al. 2010a)
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of diatomaceous earth for immobilization was 60%. Wang 
et al. (2012b) compared two different techniques (silica gel 
and polyurethane) for immobilizing bacteria in the concrete. 
It turned out that silica gel‑immobilized bacteria showed a 
higher activity than polyurethane‑immobilized bacteria, and 
more  CaCO3 was precipitated in silica gel (25% by mass) 
compared with polyurethane (11% by mass), which was also 
proved by thermogravimetric analysis. However, specimens 
treated with polyurethane‑immobilized bacteria had a lower 
water permeability coefficient  (10–10 ~  10–11 m/s) compared 
with those treated with silica gel‑immobilized bacteria 
 (10–7 ~  10–9 m/s). Bundur et al. (2017) used an ammonium 
salt‑based air‑entraining admixture (AEA) to improve the 
survival of incorporated Sporosarcina pasteurii cells in 
cement‑based mortar. Xu and Wang (2018) developed a 
protective carrier for the bacteria by using calcium sulphoa‑
luminate cement, which is a type of low alkali, fast harden‑
ing cementitious material. Expanded clay was also proved 
useful to combine nutrients and bacteria in the pores of clay 
to isolate them from surface of the concrete, protecting them 
from stress (Han et al. 2019).

As mentioned above, it is reasonable to prevent the loss 
of microorganisms through immobilization, which means 
replacing the aggregate material partially with homogene‑
ous microorganism carriers like silica gel, polyurethane, 
expanded clay, etc. For the same purpose, researchers also 
suggested an encapsulation of bacteria before the addition 
to the concrete mortar, namely compressing bacteria and 

nutrients directly into a capsule (Jonkers and Schlangen 
2007; De Koster et al. 2015), further ensuring the spore 
recovery and crack repair operation (Lucas et al. 2018). Aimi 
et al. (2016) encapsulated Geobacillus stearothermophilus 
with alginate as a new smart material for self‑healing con‑
crete. Seifan et al. (2018) proved the addition of immobi‑
lized Bacillus species with iron oxide nanoparticles (IONs) 
in concrete matrix had a self‑healing function and increasing 
of the compressive strength was observed. Alazhari et al. 
(2018) used coated expanded perlite to immobilize bacterial 
spores and encapsulate nutrients as two separate components 
for self‑healing concrete. It was found that optimistic healing 
could be achieved when coated expanded perlite containing 
self‑healing agents was used as a 20% replacement of fine 
aggregate and a suitable ratio of spores to calcium acetate 
was provided. Pungrasmi et al. (2019) encapsulated spores 
of Bacillus sphaericus with sodium alginate so as to protect 
the bacterial spores during the concrete mixing and hard‑
ening period. It was found that freeze drying had a high 
potential as a microencapsulation technique for application 
to self‑healing concrete technology compared with extrusion 
and spray drying (Fig. 12).

Ureolysis is undoubtedly a suitable and reliable pro‑
cess for producing self‑healing concrete but not neces‑
sarily the ultimate plan due to problems like harmful 
byproduct. For example, Erşan et al. (2016) presented 
the nitrate reduction as an alternative microbial self‑
healing strategy and used nitrate reducing bacteria with 

Fig. 12   Crack‑healing activity 
in mortar by sodium alginate 
microencapsulated bacterial 
spores formed by freeze drying 
(Pungrasmi et al. 2019)
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two different porous protective carriers. The highest crack 
width healed by the bacteria was 370 ± 20 μm in 28 d 
and 480 ± 16 μm in 56 d. Moreover, possible negative 
effects of the produced ammonia on the reinforcement 
corrosion and degradation of the concrete matrix (when 
oxidized by bacteria to yield nitric acid) could be avoided 
through this method (De Muynck et al. 2010a). While 
most researches on microbial crack self‑healing concrete 
use a single type of microorganism and the experiments 
are carried out under the environment suitable for the 
survival of microorganism, the working environment of 
concrete mortar is often complex and changeable (Khaliq 
and Ehsan 2016). Thus, a single type of microorganism is 
less likely to resist. On the contrary, a microbial consortia 
composed of various microorganisms can perform more 
complex tasks, and has better performance in resisting 
environmental fluctuation of self‑healing materials com‑
pared with single microorganism (Brenner et al. 2008; 
Da Silva et al. 2015b, a; Erşan et al. 2015 Zhang et al. 
2017). Zhang et al. (2019) compared the healing effi‑
ciency of different cultures, i.e., two microbial consortia 
under anaerobic (MC‑Aa) and anoxic (MC‑Ao) condi‑
tions and non‑ureolytic pure‑culture bacteria (Bacillus 
cohnii). The MC‑Ao agent exhibited the maximum values 
of completely healed crack widths (1.22 mm) after 28 d 
of healing, which was larger than the values of 0.79 mm 
and 0.73 mm for B. cohnii and MC‑Aa, respectively. It 
was confirmed that the biominerals induced by MC‑Aa 
and B. cohnii are calcite, while those of MC‑Ao were 
82% aragonite and 18% calcite, showing an advantage of 
aragonite in self‑healing of cracks.

Obviously, the cost involved is one of the challenges 
for applying the MICP technology on concrete self‑reme‑
diation, which counts for industrial application. Thus, the 
economic feasibility has been analyzed in many litera‑
tures (Palin et al. 2015; Silva et al. 2015b, a; Wiktor and 
Jonkers 2016). To reduce the cost, Achal et al. (2009) 
once used the industrial effluent of the dairy industry, 
lactose mother liquor (LML) as growth medium and 
the bacteria growth, urease production and compressive 
strength of mortar showed insignificant difference com‑
pared with standard media like nutrient media and yeast 
extract media. Ryu et al. (2020) confirmed the feasibility 
of malt powder, rice bran and corn syrup to enhance the 
growth of L. boronitolerans, instead of using synthetic 
microbial media like yeast extract. In addition, economic 
evaluation verified that the microbial consortia resulted 
in a 61% decrease in production costs compared to pure 
cultures (Zhang et al. 2019). These studies above seem 
worthwhile because of their ecological, technical and 
financial reasons since the production of standard media 
and pure microbial cultures relies on high‑emission, high‑
tech and high‑cost industries. Nevertheless, until now, 

the effects of the presence of the microorganisms or the 
microbially induced carbonates on the microstructure still 
need to be further elucidated.

Consideration has been given to self‑healing of bioce‑
mented materials (e.g., sand) in recent studies by Spen‑
cer and Sass (2019) and Botusharova et al. (2020). This 
is also considered worthwhile, especially when MICP is 
combined with the effects of additives such as natural 
fibers (Spencer et al. 2020).

Hydraulic engineering

Leakage of useful or harmful liquids and common hydrau‑
lic erosion pose obvious engineering issues in the realm 
of hydraulic engineering. Internal erosion and surface 
soil erosion also become a serious concern for hydraulic 
structures and geological bodies. In this part, these two 
typical applications of the MICP technology in hydraulic 
engineering are envisioned and discussed for the sake of 
polishing up the hydraulic properties of geomaterials.

Mitigating leakage

Leakages in hydraulic‑engineering water retaining con‑
structions or in natural impervious layers are major prob‑
lems in constructional and environmental applications. In 
China, more than half the water resources for agricultural 
use are wasted in the process of transportation due to lack 
of leakage control measures (Gao et al. 2019). Traditional 
techniques for sealing these leakages have many disadvan‑
tages as they are expensive and environmental unfriendly. 
As a novel method, biosealing is suitable for in‑situ clog‑
ging of leakages in subsurface constructions and natural 
layers (Blauw et al. 2009). Thus, attempts to use bioseal‑
ing to diminish the hydraulic conductivity of the dams 
and dikes and to reduce infiltration from the ponds and 
leakage in construction sites or landfills have never been 
suspended.

Biosealing technology mainly uses metabolites of micro‑
bial action and products of biochemical reactions as pore 
filling materials to reduce permeability. At present, there 
are two main ways of microbial sealing: one is to use MICP 
to form biofilms (El Mountassir et al. 2018). Biofilms form 
when microorganisms adhere to a surface and excrete extra‑
cellular polymeric substances (EPSs) as part of their metab‑
olism (Thullner and Baveye 2008; Bai et al. 2017). It has 
been verified that the growth of biofilms can reduce hydrau‑
lic conductivity (Baveye et al. 1998). However, it should be 
noted that due to the degradability, thermal sensitivity and 
low mechanical resistance to pressure drop, the durability of 
their clogging action is not guaranteed. On the contrary, the 
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inorganic biocementation has better stability and mechanical 
properties, so MICP is considered to have more potential, 
especially when introducing the urease‑producing bacteria 
like Bacillus pasteurii (Bachmeier et al. 2002; Hammes et al. 
2002). Due to this enzymatic reaction, pH is increased and 
hydrocarbonate is produced. Then the precipitation of cal‑
cium carbonate can clog the pores and bind soil particles 
(Yang et al. 2019).

The applicability of MICP in leakage mitigation should 
be estimated based on its on‑site testing results and costs. 
Stabnikov et al. (2011) examined the feasibility of using 
MICP to form an impermeable crust on top of a sand 
layer. A mixture of calcium salt, urea, and bacterial sus‑
pension was used. Applying 0.6 g of Ca per  cm2 of sand 
surface, the permeability of the sand could be reduced 
from  10−4 m/s to 1.6·10−7 m/s (or 14 mm/d) due to for‑
mation of the crust on sand surface. The formation of a 
water‑impermeable crust layer on sand surface could be 
useful for the construction of aquaculture ponds in sand 
and sealing of the channels and reservoirs in sandy soil. 
Chu et al. (2013) used the MICP process to form a low 
permeability layer in sand for the construction of a water 
pond model in the laboratory. The test results indicated 
that the permeability of sand was reduced from the order 
of  10–4 m/s to  10–7 m/s when an average 2.1 kg of cal‑
cium (Ca) per  m2 of sand surface was precipitated. Stab‑
nikov et al. (2016) showed MICP treatments can decrease 
hydraulic conductivity of sand from  10−4 to  10−8 m/s. The 
cost of this sealing, especially when the local sources of 
calcium chloride brain or low‑grade iron (hydr)oxides of 
iron ore are applied, could be several times lower than any 
other known methods of the sand sealing. MICP could 
be used in aquaculture practice for the construction of 
fish, prawns, or algae ponds in sand of the arid deserts. 
Gao et al. (2019) used the MICP‑based soil improvement 
method to control water leakage in irrigation channels and 
reservoirs built on sandy soil grounds (Fig. 13). Using this 
method, a low‑permeable hard crust can be formed at the 
soil surfaces. Yang et al. (2019) proposed a new method 
for seepage control in sand using bioslurry, which could 
permeate through sand or deposit on top of a sand layer. 
The water barrier layer formed was much less affected by 

wet and dry or temperature change cycles than compacted 
clay liners. It also allowed cracks in the water barrier layer 
to be repaired if required.

Apart from preserving water resources, subsurface 
fluid leakage is also an important environmental risk in 
unconventional oil and gas exploitation,  CO2 geological 
storage and nuclear waste disposal (Phillips et al. 2016; 
El Mountassir et al. 2018). The MICP process is highly 
effective for decreasing flow channels of media (e.g., soils 
and stones), especially in the presence of fractures which 
appears to create new nucleation sites for capturing bacte‑
ria clusters (Phillips et al. 2016; Wu et al. 2019a, b). This 
mechanism of selective plugging is prospective in improv‑
ing storage security of geologically stored  CO2 or sealing 
fractures caused by hydraulic fracturing (Phillips 2013). 
MICP technologies use low viscosity fluids to penetrate 
small aperture pores that may not be reachable by tradi‑
tional cement‑based sealing technologies (Phillips et al. 
2013; Bucci et al. 2016). Cunningham et al. (2014) did 
a field experiment in a hydraulically fractured sandstone 
formation at a Walker County, Alabama well. The injectiv‑
ity was greatly reduced, indicating that the fractured for‑
mation was plugged after MICP treatment. Phillips et al. 
(2018) demonstrated MICP treatment of compromised 
wellbore cement at a depth interval of 310.0 ~ 310.57 m 
(1017 ~ 1019 feet) below ground surface using conven‑
tional oil field subsurface fluid delivery technologies. 
The flow rate was decreased while maintaining surface 
pumping pressure below a maximum pressure of 81.6 bar 
(1200 psi), revealing the lifted wellbore cement integrity 
(Fig. 14a). Kirkland et al. (2020) characterized a failed 
waterflood injection well and provided proof of principle 
that MICP can reduce permeability in the presence of oil 
using conventional oilfield fluid delivery methods. Sporo-
sarcina pasteurii cultures and urea‑calcium media were 
delivered 2290 ft (698 m) below ground surface using a 
3.75 gal (14.2 L) slickline dump bailer to promote min‑
eralization in the undesired flow paths. By Day Six and 
after twenty‑five inoculum and forty‑nine calcium media 
injections, the injectivity (gpm/psi) had decreased by 
approximately 70% (Fig. 14b). Song and Elsworth (2020) 
envisioned using MICP instead of EPSs for plugging 

Fig. 13   Schematic diagram of 
irrigation channels and water 
reservoirs construction in sandy 
soil ground by MICP methods 
(Gao et al. 2019)
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high‑permeability zones within oil reservoirs to enhance 
oil recovery. After eight cycles of microbial treatment, 
the permeability for the artificial cores representing large, 
intermediate, and small pore size maximally dropped to 
47%, 32%, and 16% of individual initial permeabilities, 
showing a higher efficiency in plugging pores compared 
with EPSs. This MICP technology has as huge advantage 
because the leak location does not need to be known pre‑
cisely and biosealing will take place specifically at the 
location of the leak.

Controlling erosion

Piping and internal erosion are common problems for 
hydraulic engineering. For example, as one of the most 
commonly encountered hydraulic infrastructures world‑
wide, earth embankment dams have been troubled by 
the piping problem for many years. The earth core is 
often constructed using locally available soils, including 
clay, sand‑clay mixtures, sand‑silt mixtures, and in some 
cases, with gravel (Jiang et al. 2014). It is reported that 

internal‑erosion‑induced collapse is the third most important 
mode for earth dam failure after overtopping and external 
erosion, and it accounts for 14.3% of all dam failures (Danka 
and Zhang 2015). When segregation of fill materials and for‑
mation of transverse cracks in the earth cores occur, the fines 
will be dislodged and transported along preferential flow 
paths to downstream unprotected exits. Gradually, this pro‑
cess works its way backward to the upstream side of the dam 
until a through‑piping forms. Internal erosion within earth‑
filled dams can be prevented by zoning of the dam (Foster 
et al. 2000), construction of filters (USBR 2011), chemical 
stabilization (Indraratna et al. 2013), and other embankment 
design and foundation treatment measures (Fell 2005). Actu‑
ally, the target of the treatment is not to improve the strength 
of the treated soil, but to reduce erodibility while keeping 
the permeability of the treated soil almost constant. In this 
sense, MICP is an alternative solution for internal erosion 
problems and shows the potential of MICP for full‑scale 
application. Applying MICP to mitigate hydraulic erosion, 
especially internal erosion, for different compositions of soil 
has been investigated by researchers (Table 4).

Fig. 14  (a) Biomineralization promoting fluids are injected into the 
channel where a mineral seal forms to limit further fluid injection 
(Phillips et  al. 2018) (b) Conceptual model: microbial cultures and 

urea‑calcium media were delivered to reduce flow through the unde‑
sired flow paths (Kirkland et al. 2020)

Table 4  Practice on soil internal erosion control via MICP

Bacteria Soil types Applications References

Sporosarcina pasteurii Gravel‑sand mixtures Internal erosion resistance improvement Juang et al. (2019a)
Jiang and Soga (2017)

Sporosarcina pasteurii Sand‑clay mixtures Internal erosion resistance improvement Jiang et al. (2017)
Bacillus sphaericus Dispersive soil Stabilization of dispersive soils Moravej et al. (2017)
B. megaterium Sand Sand production control during hydrate gas 

exploitation
Jiang et al. (2016)
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Apart from internal erosion, surface soil erosion also poses 
a serious concern with rapid industrialization and urbanization 
development. Against the background of climate change and 
frequent extreme weather, the surface erosion problem is turn‑
ing worse. Surface soil erosion mainly consists of three pro‑
cesses: particle detachment, runoff transport, and deposition 
(Fang et al. 2015). Among them, soil particle detachment is 
predominantly initiated by rainfall impact (Assouline and Ben‑
Hur 2006). When raindrop kinetics energy overcomes soil shear 
strength, soil particles are mobilized and dislodged (Fattet et al. 
2011). Runoff transport and deposition are dependent on sheet 
flow conditions (runoff rate, flow depth, and flow velocity) and 
slope surface conditions (surface roughness, slope length, and 
steepness) (Kinnell 2005). The most popular sustainable slope 
erosion control method is vegetation establishment (Norris et al. 
2008), but it usually takes a long time to achieve its full function‑
ality. The viability of MICP in surface erosion control has been 
recently analyzed (Salifu et al. 2016; Jiang et al. 2019; Liu et al. 
2020a). It also calls for attention that the MICP methodology for 
surficial soil treatment to mitigate water‑induced erosion can be 
positively coupled. For instance, the cementation solution for 
MICP can be prepared in a water solution of polyvinyl alcohol 
(PVA) instead of water alone, which leads to a uniform soil crust 
in the surficial region and reduces the erodibility of sands (Wang 
et al. 2018a).

The MICP technology is also envisaged to form an anti‑
erosion layer on the surfaces of buildings and constructions 
as protection, especially those with long history. For exam‑
ple, Liu et al. (2020b) investigated the effectiveness of the 
anti‑erosion of an MICP coating on the surfaces of ancient 
clay roof tiles. MICP was found to significantly improve the 
water resistance of tiles by changing the microstructure of 
the surface. The MICP protection layer provides consider‑
able durability with little negative impact on the air perme‑
ability and color of the sample. Plus, MICP‑based coastal 
erosion control is a type of soft structural protection which 
has gained strong interest in recent years (Imran et al. 2019; 
Shahin et al. 2020; Liu et al. 2021a, b).

Geological engineering

Stabilizing geological bodies

The slopes can become unstable due to a combination of 
seepage and external loading (Vanicek and Vanicek 2008; 
Gong et al. 2019; Conte et al. 2019; Li et al. 2019). Before 
and during construction, soil stabilization is often consid‑
ered at or from the surface to improve the inadequate soil 
conditions to meet the requirements of earth structure con‑
struction. The approaches of soil stabilization include com‑
paction, installing nails, sheets or piles, or mixing the soil 
with lime or cement (Karol 2003), the majorities of which 
require substantial energy for material producing or install‑
ing (DeJong et al. 2010). There is a clear potential for the 
use of energy‑saving technology for stabilization of geo‑
logical bodies and MICP is evidently such an alternative for 
approaches mentioned above.

A few field trials have been performed in which MICP 
have been used for soil stabilization. A MICP treatment 
was designed for gravel stabilization to enable horizontal 
directional drilling (HDD) for a gas pipeline in the Nether‑
lands (van Paassen 2011). A 1000  m3 volume at depths from 
3  to  20 m below the surface was treated (Fig. 15). The treat‑
ment involved an injection of 200  m3 bacterial suspension 
cultivated in the laboratory, two injections of 300 ~ 600  m3 
reagent solution containing urea and calcium chloride. Then 
groundwater was extracted until electrical conductivity and 
ammonium concentrations returned to background values. 
The large‑scale MICP treatment was a success, since HDD 
was possible in the loose gravel deposit without instability. 
Gowthaman et al. (2019) found that the bacteria (Lysiniba-
cillus xylanilyticus) isolated from the subarctic cold region 
had a significant potential to produce urease enzyme at 
temperatures 15 ~ 25 °C. They applied the bacteria for slope 
stabilization in a model solidification test, suggesting MICP 
compatibility in subarctic cold climatic regions. Hata et al. 
(2020) proposed a bio‑mediated treatment to reinforce the 

Fig. 15  (a) Cementing gravel 
for borehole stability; (b) The 
biocemented gravel borehole 
remaining stable after drilling 
through; (c) Calcium carbon‑
ate distributed throughout the 
gravel (van Paassen 2011)
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methane hydrate layers, using Sporosarcina newyorkensis 
with higher urease activities under low‑temperature condi‑
tions, to make methane gas extraction safer and reduce sand 
production in the well, making extraction operations more 
efficient and cost effective.

It is appropriate to recommend MICP for slope surface 
stabilization, enhancing the surface cover condition of the 
slope and promoting high aggregate stability at the sur‑
face zone. Using surface percolation for treatment could 
strengthen the soil significantly by forming more effective 
crystals at free‑draining conditions and can be highly appli‑
cable on unsaturated or partially saturated natural slopes 
and embankments (Cheng 2012). The surface percolation 
method can be applied to the soils by spraying, irrigating 
or trickling. These methods are simple and can decrease the 
cost of MICP by avoiding the construction of solution injec‑
tion systems. It should be noted that fine content governs 
the behavior of slope soil significantly. It increases particle 
contacts by bonding with the sand grains and participates in 
the force chain of the treated matrix. It provides the matrix 
support effectively by facilitating the formation of bridges 
between carbonate crystals. Nevertheless, fine content tends 
to filter more bacteria at surface zone of slope and results 
in high cementation at the surface level and reduction in 
carbonate precipitation along the profile (Gowthaman et al. 
2019). Thus, applying MICP for soil stabilization actually 
requires a balance between the support from the fine content 
and the negative filtering effect caused by it.

Improving soil thermal conductivity

Geothermal energy is a clean, renewable and sustainable 
energy resource, and it can be exploited and utilized by vari‑
ous underground energy geo‑structures like ground source 
heat pumps (GSHPs), geothermal energy piles (GEPs), 

etc. (Laloui and Di Donna 2013). The performance of the 
energy geo‑structures is strongly affected by the saturation 
conditions of soils (Venuleo et al. 2016), because moisture 
content is the primary influence factor of soil thermal con‑
ductivity compared with other factors such as mineralogical 
component, dry density, etc. (Zhang and Wang 2017). The 
heat exchange efficiency of saturated soils was increased 
by 40% compared with that of dry soils (Choi et al. 2011). 
Apparently, greater soil moisture content leads to higher heat 
exchange efficiency. As a result, energy geo‑structures are 
applicable in temperate or subtropical areas but still unde‑
veloped in arid environments because of the low saturation 
conditions of soils.

A way for improving soil thermal conductivity is to 
expand the contact area between soil grains and make it a 
good conductor of heat. MICP is an ideal process for real‑
izing this purpose among soil grains. Venuleo et al. (2016) 
investigated the effect of MICP treatment on soil thermal 
conductivity and found a significant improvement of the 
thermal conductivity of soil especially for low degrees of 
saturation. Thermal conductivity of MICP treated soils was 
increased by 250% as compared with the untreated soils. 
This enhancement is attributed to the mineralized calcite 
crystals acting as ‘thermal bridges’ between the soil grains 
(Fig. 16), offering a larger surface area for heat exchange 
compared with the untreated material in which exchanges 
occur through smaller contact points. Using the MICP tech‑
nique not only increased the thermal conductivity of sands 
(Wang et al. 2019). but also reduced the influence of satura‑
tion degree on sand thermal conductivity (Ding et al. 2019), 
extending geothermal applications in arid areas. The MICP 
technology could significantly improve the thermal conduc‑
tivity of soils and the overall heat transfer efficiency, par‑
ticularly at low saturation degrees or nearly dry conditions. 
Hence, it is feasible and advantageous to use MICP‑treated 

Fig. 16   Schematic representation of the thermal conduction through soil grains (left: the case of untreated soil; right: the case of MICP‑treated 
soil due to the presence of calcium carbonate crystals bridging the soil grains and redistribution of capillary water)
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soils as enhanced grout materials for underground energy 
geo‑structures, potentially expanding geothermal applica‑
tions in arid areas. The possible challenge for this applica‑
tion might be survival and activity of microorganisms in 
harsh arid environments.

Problematic soil treatment

Studies of soil improvement by MICP have focused primar‑
ily on sandy soils from aforementioned literatures. But for 
problematic soils faced by civil infrastructures, like clayey 
soils with varying plasticity characteristics, the related stud‑
ies are still limited (Kannan et al. 2020; Xiao et al. 2020; 
Teng et al. 2021). These soils are common in the majority 
in the land areas of different countries. It would be benefi‑
cial to use MICP as a technique for modifying these soils 
which show prevalence and bring costly damages. A para‑
dox should be noted that although MICP is more effective 
in case of soils containing higher clay contents due to the 
presence of higher bacterial populations within the clay frac‑
tion, higher clay contents will definitely reduce permeability, 
making percolation of treatment solutions slower and harder, 
thereby requiring a longer time for treatments (Islam et al. 
2020).

A big challenge for tackling these soils containing high 
clay contents is their potential to grow cracks. The forma‑
tion of desiccation cracks in bentonite soils is detrimental 
to the long‑term performance of engineered clay barriers 
in geological storage facilities. Thus, mitigating the des‑
iccation cracking potential or remediating the desiccation 
cracks in bentonite soils via MICP have been well dis‑
cussed in recent years (Guo et al. 2018; Vail et al. 2019; 
Liu et al. 2020a). Moreover, Liu et al. (2020a) systemati‑
cally investigated the effect of MICP treatment on clayey 
soil desiccation cracking behavior, and first quantified the 

relationship between the geometric parameters of crack pat‑
terns and MICP treatment cycles. This study is expected 
to improve the fundamental understanding of desiccation 
cracking mechanisms in the MICP‑treated soils and provide 
insights into the potential application of MICP for cracking 
remediation in clayey soils. Clayey soils mixed with grains 
of different sizes were improved through biocementation in 
many literatures (Cheng and Shahin 2015; Cardoso et al. 
2018; Li et al. 2018a). Other specific types of problematic 
soils like tropical residual soil (silt, ML) (Soon et al. 2014) 
and coal (Song and Elsworth 2018) were also taken into 
consideration. Additionally, indigenous bacteria can possibly 
be used to stabilize clayey soils of varying plasticity. There 
was an increase in the LL (Liquid limit) and PI (Plasticity 
limit) of the treated soils, but it did not adversely impact the 
swelling or strength behavior of the treated soils (Islam et al. 
2020). While further tests and analysis on this approach are 
in need, MICP using biostimulation can increase the strength 
of clayey soils and additional treatment cycles may increase 
strength beyond threshold levels for stabilizing subgrade 
(Islam et al. 2020; Kannan et al. 2020; Xiao et al. 2020).

New perspective: mitigating geological disasters

Geological disaster (i.e. landslide and debris flow) usually 
results in significant impact on human activities, either 
through loss of life or injury, or through economic loss (Fan 
et al. 2018; Domènech et al. 2019; Juang et al. 2019a, 2019b, 
2022; Tang et al. 2019; Gong et al. 2021). Based on previous 
studies, it is reasonable to envisage that the MICP technol‑
ogy could be used in more practical conditions. At present, 
there is no explicit report on the application of the MICP 
technology in preventing and controlling geological disas‑
ters. But the superior performance in the reinforcement of 
rock and soil via MICP is expected to provide a new solution 

Fig. 17   Prevention and controlling of geological disasters by MICP treatment
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for mitigating these disasters. Improving soil liquefaction 
resistance under the action of earthquake and other external 
forces is an apparent advantage brought by MICP in the con‑
ception of disaster alleviation. It means the potentials of the 
MICP technology have not been seriously and systematically 
considered yet.

For example, in the aspect of rock fall prevention 
(Fig. 17a), microbial grouting can be used to repair the 
fissures of rock and soil mass at the top of the slope and 
improve its overall mechanical strength, so as to significantly 
reduce the risk of the rock and soil unit separated from the 
matrix under the action of external forces such as earth‑
quake. At the same time, the MICP technology can also be 
used to treat the surface of rock and soil to form an anti‑
erosion layer to cope with weathering due to climate change, 
thus avoiding the invisible risk of collapse on steep slopes.

In response to landslide disasters (Fig. 17b), microbial 
grouting can be designed to strengthen the sliding surface, 
weak structural surfaces and other potential sliding surfaces 
to avoid secondary sliding. Then, the MICP technology com‑
bined with spraying technology is appropriate to treat the 
slope surface. After treatment, a layer of dense  CaCO3 pro‑
tective layer with low permeability is formed on the slope 
surface, so as to reduce the rainfall infiltration, achieve the 
purpose of water diversion and avoid the weakening of rock 
and soil composing the slope. For large‑scale slopes with 
sliding risk, anti‑sliding sand piles should be set at the foot 
of the slope for protection. After filling sand in the pile foun‑
dation pit, microbial grouting can be used to reinforce the 
sand in the pile foundation, so as to significantly enhance 
the anti‑sliding force of the slope, thus reducing the risk of 
sliding.

In addition, the MICP technology has a good prospect in 
debris flow controlling. As shown in Fig. 17c, the microbial 
grouting can cement and then reinforce the loose debris in 
the source area, enhance its resistance against rainfall ero‑
sion and reduce the risk of debris flow from the forming 
period. At the same time, using the MICP technology to 

cement local clastic materials, and setting up a barrier dam 
in the valley can play a role of retaining sediment and reduc‑
ing the scale of debris flow.

Environmental engineering

Fugitive dust control

Airborne dust and debris from building materials (concrete, 
sand, etc.) often not only damage construction equipment 
but also present a major health hazard. The traditional dust 
suppression methods including spraying water, salts, chemi‑
cals, and petroleum products onto sources of airborne dust 
particles are well studied (Bolander and Yamada 1999). But 
most of them pose a potential environmental hazard. For 
example, Calcium chloride  (CaCl2) is commonly applied to 
unpaved roads to increase the dust suppression effort (Loh‑
nes and Coree 2002). However, at such high concentrations, 
calcium chloride is extremely corrosive to metals and con‑
crete. Comparatively, MICP is a potentially long‑lasting, 
environmentally innocuous process that can be used to sup‑
press dust from landfills, open pit mines, unpaved roads, and 
construction sites.

To evaluate the dust suppression effect of MICP on dif‑
ferent soils and find an optimal formula of this technique, a 
large number of laboratory tests (Bang et al. 2009a, 2009b, 
2011; Meyer et al. 2011) as well as some field applications 
were carried out. Gomez et al. (2014) carried out a field‑
scale, surficial application of MICP to improve loose sand 
deposits and provide surface stabilization for dust con‑
trol and future re‑vegetation. The most improved test plot 
received the lowest concentrations (Urea: 15 g/L, Calcium 
chloride 13.875 g/L) of urea and calcium chloride and devel‑
oped a stiff crust measuring 2.5 cm thick, which exhibited 
increased resistance to erosion (Fig. 18). Naeimi and Chu 
(2017) used the MICP approach to reduce the percent of 
mass loss against erosive force of wind regarding to the 

Fig. 18  (a) Test plots estab‑
lished within a region of uni‑
form, loose, poorly graded sand; 
(b) Thicknesses of cemented 
crusts measured by excavat‑
ing cemented sand material. 
(Gomez et al. 2015)
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concentration and characteristics of aggregate used, climate, 
and traffic amounts. The results of this study showed that 
the required precipitation for dust control (70%) of sand is 
less than 15 g  CaCO3/m2 between sand grains in bio‑treated 
sand. Meng et  al. (2021a, b) used MICP technology to 
control the wind erosion of surface desert soil. The opti‑
mal cementation solution (containing equimolar urea and 
calcium chloride) concentration and spraying volume were 
0.2 M and 4 L/m2, respectively. Under this condition, the soil 
crusts, with a thickness of 12.5 mm and a calcium carbonate 
 (CaCO3) content of 0.57%, remained intact on the surface 
of man‑made mounds after being exposed to a 30 m/s wind 
for 2 min.

Also, when combined with flexible materials, the rigid 
connection made by MICP can further enhance material 
properties. Anderson et al. (2014) utilized MICP with fib‑
ers (hemp fibers or synthetic fibers) to bond soil particles 
together so that they were more resistant to becoming air‑
borne. The soil samples treated with S. pasteurii formed 
a crust‑like calcite‑rich layer on the soil surface and that 
the addition of certain types of fibers further enhanced the 
effectiveness significantly. The amount of mass loss became 
virtually zero when 1.0 ml of medium containing bacteria 
 (108 cells/ml) and fibers (0.25% of sand by weight) were 
added to 100 g of sand under a wind speed of up to 32 km/h 
applied for 2 min. Woolley et al. (2020) conducted tests to 
evaluate the effect of the addition of xanthan gum hydrogel 
(XEICP) in the treatment solution on the performance of a 
wind erosion‑resistant crust formed using enzyme induced 
carbonate precipitation (EICP). Li et al. (2020) revealed 
combining MICP and Straw Checkerboard Barrier (SCB) 
technology, which are theoretically compatible and comple‑
mentary to each other, for mitigating desertification should 
have promising outcomes by accelerating the process of sand 
fixation, vegetation restoration, and ecological restoration 
(Fig. 19).

Contaminated soil remediation

Heavy metal contamination of soils (and water) has become 
a serious issue to the environment and ecosystem health. 
The non‑biodegradable nature of heavy metals leads to 
their accumulation of toxic levels which have resulted in 
destructive effects on human health as well as wildlife (Xiao 
et al. 2017). The release of heavy metals into the environ‑
ment is typically associated with the discharge of the waste 
soils and wastewaters of many industries, including mining, 
tanning, pesticide production, and electroplating (Barakat 
2011). Globally, there are millions of contaminated sites in 
which the soils are contaminated by the heavy metal(loid)s 
Arsenicum (As), Cadmium (Cd), Plumbum (Pb), Cobaltum 
(Co), Chromium (Cr), Hydrargyrum (Hg), Curium (Cu), 
Niccolum (Ni), Zincum (Zn), and Selenium (Se) with the 
present soil concentrations higher than the geo‑baseline or 
regulatory levels (Wuana and Okieimen 2011).

Bioprecipitation by ureolytic bacteria is an appropri‑
ate strategy for refining heavy metals. Various studies 
have been carried out over recent years to remove toxic 
elements from soil and water such as As (Achal et al. 
2012a), Cd (Zhao et al. 2017), Cr (Hua et al. 2007), Cu 
(Duarte‑Nass et al. 2020) and Pb (Kang et al. 2014). High 
removal rate is set as a priority for these toxic ion removal 
processes via bioprecipitation according to recent studies 
(Table 5). Stimulating indigenous bacteria in contami‑
nated soils also has a considerable potential for heavy 
metal removal (Kim and Lee 2019; Chen and Achal 
2019). Several field experiments are reported on heavy 
metal remediation via MICP, revealing the possibility of 
its industrial application. Fujita et al. (2010) used ureo‑
lytically driven calcite precipitation and strontium copre‑
cipitation for remediating 90Sr contamination at the Han‑
ford 100‑N Area in Washington. Xu et al. (2013) analyzed 
the effects of MICP on the soil near the concentration 

Fig. 19   Desertification control effect of grass grille combined with MICP: (a) Only grass grille for desertification control; (b) Grass grille and 
MICP for joint control (Li et al. 2020)
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plant, while the contents of exchangeable As, Pb, Cd, 
Zn and Cu contents were 14.01, 4.95, 0.64, 33.46 and 
12.95 mg/kg, respectively. After the treatment, the con‑
tents of exchangeable heavy metals in soil decreased 
obviously with exchangeable As, Pb, Cd, Zn and Cu of 
2.37, 1.25, 0.31, 16.67 and 3.42 mg/kg, respectively. Plus, 
a consolidated structure like bricks was produced from 
chromium slags by Achal et al. (2013b) to facilitated the 
remediation of Cr (VI). They used ureolytic chromate 

reducing Bacillus sp. to facilitate calcite deposition on 
the Cr slag surface, thus reducing the permeability as it 
serves as a barrier to harmful substances to enter. The 
products were resistant to erosion by rainfall, thus pre‑
venting water to get contaminated with Cr (VI) pollution. 
Nevertheless, the long‑term effects of the contaminated 
environment on different bacteria are still ambitious. A 
complete life‑cycle analysis is necessary for the microor‑
ganisms affected by heavy metal ions and an ecological 

Table 5  Representative studies on heavy metal removal via MICP

Bacteria Metal ions Removal rate Remarks References

Sporosarcina pasteurii Cu 10% Low removal was due to  Cu2+ complexation with the 
ammonia resulting from the hydrolysis of urea

Duarte et al. (2020)

Sporosarcina pasteurii Pb 95% S. pasteurii exhibited compatible resistance to Pb toxicity 
when its concentration was no higher than 30 mM

Juang et al. (2019a)

Stenotrophomonas rhizophila Zn 96.25% Although the S. pasteurii produced higher amounts of 
metal carbonates, the S. rhizophila and V. boronicumu-
lans may be more effective due to the stability of them in 
high concentrations of Pb, Zn, and Cd

Jalilvand et al. (2019)
Pb 71.3%
Cd 63.91%

Variovorax boronicumulans Zn 95.93%
Pb 73.45%
Cd 73.81%

Sporosarcina pasteurii Zn 98.71%
Pb 97.15%
Cd 94.83%

Terrabacter tumescens Ni, Cu, Pb, 
Co, Zn and 
Cd

90 ~ 99% Heavy metal contaminants were efficiently removed both 
in soil and waste water

Li et al. (2016)

Lysinibacillus sphaericus Cd 99.95% – Kang et al. (2014)
Sporosarcina koreensis Cu and Pb 88% ~ 99% The bacteria could resist the acidity at pH higher than 1.5 Li et al. (2013)
Sporosarcina sp. Co and Zn
Terrabacter tumescens Ni and Cd
Kocuria flava Pb 83.37% Pb was also chelated with the MICP product Achal et al. (2012b)

Fig. 20    CO2 in the atmosphere 
and annual emissions (1750–
2019) (NOAA Climate.gov 
graph, adapted from original by 
Dr. Howard Diamond (NOAA 
ARL), atmospheric  CO2 data 
from NOAA and ETHZ,  CO2 
emissions data from Our World 
in Data and the Global Carbon 
Project)
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perspective should be added when using MICP to treat 
heavy metal contaminated soils.

Carbon capture and storage

Currently, the concentration of  CO2 in the earth’s atmos‑
phere is about 415  ppm; however, this is increasing at 
approximately 2 ppm/year (Fig. 20). Global climate change 
due to increasing emissions of  CO2 has attracted wide con‑
cern and scientists are seeking appropriate mechanisms to 
sequester  CO2. One method for decreasing the atmospheric 
 CO2 concentrations is converting the  CO2 into carbonate 
minerals, because these minerals are geologically stable 
(Ramanan et al. 2009). One major issue for this spontaneous 
chemical carbonate mineral formation is that this process 
tends to have slow reaction rates and is highly dependent 
on pH (Zhu and Logan 2014). Naturally,  CO2 is sequestered 
by chemical fixation of  CO2 in the form of carbonate such 
as calcite, aragonite, magnesite and dolomite, but the reac‑
tion rate is very slow (Dhami et al. 2013). MICP, on the 
other hand, has recently been suggested safer, more eco‑
friendly and more efficient, in  CO2 sequestration (Okwadha 
and Li 2010). Okyay and Rodrigues (2015), and Okyay et al. 
(2016) investigated the potential of MICP in  CO2 sequestra‑
tion to reduce the atmospheric  CO2 levels. In their study, 
two possible mechanisms for can be removing  CO2 from 
the atmosphere have been carefully analyzed: (a) seques‑
tration by MICP biotically; (b) sequestration by increasing 
the environment pH (i.e.,  CO2 solubility) abiotically.  CO2 
sequestration through MICP process is directly related to 
bacterial community composition and abiotic factors, such 
as pH and growth media. In consortia with low diversity, 
the  CO2 sequestration is much higher than in very diverse 
consortia. Species from the genera Sporosarcina, Sphingob-
acterium, Stenotrophomonas, Acinetobacter, and Elizabethk-
ingia may play an important role in  CO2 sequestration. Until 
now, relevant research is still scarce and limited in the initial 
stage. Using MICP in  CO2 sequestration needs to be thor‑
oughly and systematically discussed as part of the possible 
sequestration solution for tackling climate change.

Future opportunities and challenges

After reviewing existing and envisioned applications of 
the MICP technology through existing studies, a new per‑
spective is formed on the feasibility and difficulties of this 
technology for engineering practice. The MICP treatment 
appears promising to provide reliable solutions for various 
engineering problems in the background of frequent and 
intense human activities. This review has figured out the 

following opportunities and challenges that necessitate fur‑
ther research efforts in MICP:

Opportunities

(1) As main entities over the world began to regain cour‑
age and reunite around ‘The Paris Agreement’ in 2021, 
innovation and revolution for tackling climate change 
will be urgently demanded. Generally considered as 
green engineering technology, the MICP technology 
will come into a ‘new spring’ towards a wide range 
of applications with the goal of replacing traditional 
energy‑intensive and low‑efficient technologies.

(2) Through the detailed fundaments and applications 
discussed, the MICP treatment generally appears a 
fast, deployable and non‑disruptive method which can 
easily meet different scales or requirements depend‑
ing on engineering conditions. There is no need for 
large machinery and no restrictions on the engineering 
site. Therefore, MICP is an ideal strategy adapting to 
complex environments and an effective supplement for 
existing physical, chemical and plant‑based strategies.

(3) Bio‑augmentation is generally considered to yield 
higher reaction rate than bio‑stimulation, while bio‑
stimulation can overcome some drawbacks of bio‑
augmentation (e.g., considering cost and processes 
associated with culture of required micro‑organisms). 
Bio‑stimulation can be further divided into ex‑situ bio‑
stimulation and in‑situ bio‑stimulation. Ideal pathways 
for MICP should reach a compromise between these 
choices and a combination of their main advantages.

(4) It seems plausible that MICP can simultaneously pro‑
vide multi‑functional solutions if appropriate bacteria 
(or microbial consortia) are selected. The mechanism 
of MICP in cracks of various materials, combined with 
proper auxiliary additives, vividly shows its potential as 
a versatile technique. And it should be noted that MICP 
evidently influences the properties of materials includ‑
ing strength, dynamic response, permeability, thermal 
conductivity, durability etc., at the same time, though 
some studies are at a preliminary stage.

(5) We are still far from a comprehensive understanding of 
the underlying processes controlling the MICP technol‑
ogy. Better understanding of the multi‑field coupling 
and multifunction of this technology requires more 
education and training on the fundamental knowl‑
edge and skills, which will boost the development of 
interdisciplinary/intersectional science and social col‑
laboration. At least, effective assessing (e.g., dynamic 
testing platforms), monitoring (e.g., real‑time sensors) 
and simulation (e.g., artificial intelligence) facilities or 
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methods are in need for analyzing, controlling and pre‑
dicting the MICP process.

Challenges

(1) The post‑COVID‑19 world tends to re‑examine the 
safety and reliability of biotechnologies. Thus, it is 
surely necessary to be circumspect and evaluate the 
ecological balance changed by the MICP process 
properly. Although studies to investigate microbial 
dynamics during MICP implementation have started 
(Gat et al. 2016), a mature life‑cycle analysis from 
an ecological perspective is not yet available and the 
capability of MICP‑treated materials to sustain life 
is unclear (Jiang et al. 2020). And a better restriction 
should be obtained on the bio‑geochemical processes 
of MICP in order to achieve controllable engineering 
performances.

(2) Although ongoing MICP researches have already noted 
the significance of the durability (e.g., under freeze 
thaw cycles) of modified materials, possible long‑term 
deterioration of MICP‑treated materials is still over‑
looked. The degradation of engineering performance 
should be fully evaluated over long time scales and 
under severe adverse environments, which decides the 
feasibility of MICP for the future. The survival and 
activity of microorganisms in harsh environments are 
equally important (Rahman 2020), especially for those 
conditions requiring autogenous microbial reaction.

(3) While ureolysis process is the most popular to achieve 
MICP, it generates high‑concentration ammonium ion 
and ammonia (incomplete reaction) as by‑products, 
which is likely to harm environments and human 
health. Researchers have already considered alterna‑
tive harmless MICP processes (e.g., iron reduction). 
But it is still unclear currently whether these alterna‑
tive processes are technically feasible for applications. 
Further collaborations among geochemists, microbiolo‑
gists, ecologists and engineers are required towards this 
direction.

(4) The uniformity of treatment effect is still a big chal‑
lenge for the application of MICP in practical engineer‑
ing, especially when it comes to large‑scale or field‑
scale occasions. To solve the problem of heterogeneity, 
Cheng et al. (2019) and Wang et al. (2018b) proposed 
lowering the pH value or the temperature of the bacte‑
rial solution to delay the microbial mineralization reac‑
tion, respectively. But these studies only hold rational 
at a relatively experimental or preliminary stage.

(5) Further efforts are needed for decreasing the cost and 
energy consumption (e.g., producing chemical sub‑
strates) of the MICP technology, especially facing the 
capital‑cost driven construction industry. Much atten‑

tion should be paid to utilizing industrial by‑products 
or wastes and non‑sterilized media as alternatives.

Summary

In this work, five main fields involving 15 specific engi‑
neering applications of the MICP technology are reviewed. 
When studying the feasibility of MICP in various fields, the 
paper discusses fundamentals of this technology in practical 
situations. The obtained main conclusions related to each 
area of engineering are summarized as follows:

(1) Geotechnical engineering: as the greatest research 
focus, geotechnical engineering applications of MICP 
call for comprehensive improvement of static and 
dynamic characteristics of geomaterials. To enhance 
the bearing capacity of soil, bioaugmentation, biostim‑
ulation and enzymatic approaches are carefully com‑
pared, focusing on the compressive strength of treated 
soil and upscaling potentials. On the contrary, strength 
becomes a minor factor for resisting soil liquefication 
because a “dense sand like” behavior is able to avoid 
liquefication under an earthquake, which means fewer 
treatments, less material and a smaller investment in 
MICP.

(2) Construction materials: MICP can help produce eco‑
friendly and durable building materials. Incorpo‑
rating bacteria into the production of materials and 
external bio‑treatment for existing materials are two 
main attempts towards improving the properties (e.g., 
strength and durability) of construction materials. The 
external remediation techniques for concrete/cement 
may differ according to the size of fissures. The concep‑
tion of incorporating microorganisms into the mortar is 
further developed into self‑healing building materials 
relying on the survival of bacteria in the harsh environ‑
ment, which can be realized through immobilization of 
microorganisms in homogeneous media or compressing 
bacteria and nutrients directly into a capsule.

(3) Hydraulic engineering: MICP is a promising and cost‑
efficient technology in preserving water resources and 
even subsurface fluid under the circumstance of uncon‑
ventional oil and gas exploitation,  CO2 geological stor‑
age and nuclear waste disposal. Both carbonate precipi‑
tation clogging and biofilm clogging serve the purpose 
of reducing permeability. Simulation is necessary for 
predicting and analyzing the biosealing process. Mean‑
while, piping, internal erosion and surface erosion are 
common hydraulic engineering problems that could 
be addressed by MICP. This surface soil treatment can 
be coupled with other additives, which may expand its 
utilization even to ancient clay buildings.
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(4) Geological engineering: in the field of geological engi‑
neering, stability of geological bodies is a big concern 
because of the external disturbance caused by human 
engineering activities. MICP has been proved as a com‑
patible technique for stabilizing soils. Surface percola‑
tion appears to be a simple but wise choice for apply‑
ing this technique. The MICP treatment is outstanding 
in dealing with problematic soils like bentonite soils 
or even coal. Based on these studies, MICP is further 
envisioned to mitigate geological disasters like land‑
slide and debris flow. It is also noteworthy that MICP 
can obviously improve the thermal conductivity of 
soils, particularly at low saturation conditions.

(5) Environmental engineering: three main problems facing 
the global environment including fugitive dust, con‑
taminated soil and climate change are raised up and 
typical engineering measures for palliating and even 
removing possible hazards are discussed. MICP, as an 
environmentally innocuous and multi‑scale available 
process, seems versatile in fixing and suppressing dust, 
precipitating heavy metal ions and sequestrating  CO2 
geologically. Although relevant studies are in the initial 
stage, we can expect more breakthroughs in efficiency 
and economic feasibility of MICP to make it friendly 
and reliable for human and wildlife in the future.

MICP is a mainstream engineering technology for the 
future, with its advantages in carbon footprint benefits, 
multi‑functionality and convenience. Opportunities and 
challenges coexist for this technology where ecological 
balance, environmental impact and industrial applicability 
should be predominant considerations.

Author contributions Kuan Zhang: Writing ‑ Original Draft, Investiga‑
tion, Data CurationChao‑Sheng Tang: Conceptualization, Supervision, 
Writing ‑ Review & Editing, Project administration, Funding acquisi‑
tionNing‑Jun Jiang: Writing ‑ Review & EditingXiao‑Hua Pan: Writing 
‑ Review & EditingBo Liu: Writing ‑ Review & EditingYi‑Jie Wang: 
Writing ‑ Review & EditingBin Shi: Resources, Writing ‑ Review & 
Editing, Project administration

Funding This work was supported by the National Natural Science 
Foundation of China (Grant Nos. 42230710, 41925012, 41902271, 
42007244), Natural Science Foundation of Jiangsu Province (Grant 
Nos. BK20211087).

Declarations 

Conflict of interest The authors declare that they have no competing 
interests.

References

Abo‑El‑Enein S, Ali A, Talkhan FN et al (2012) Utilization of micro‑
bial induced calcite precipitation for sand consolidation and mor‑
tar crack remediation. HBRC J 8(3):185–192

Achal V, Mukherjee A, Basu P et al (2009) Lactose mother liquor 
as an alternative nutrient source for microbial concrete pro‑
duction by Sporosarcina pasteurii. J Ind Microbiol Biotechnol 
36(3):433–438

Achal V, Pan X, Fu Q et al (2012a) Biomineralization based remedia‑
tion of As (III) contaminated soil by Sporosarcina ginsengisoli. 
J Hazard Mater 201:178–184

Achal V, Pan X, Zhang D et al (2012b) Bioremediation of Pb‑contam‑
inated soil based on microbially induced calcite precipitation. J 
Microbiol Biotechnol 22(2):244–247

Achal V, Mukerjee A, Reddy MS (2013a) Biogenic treatment improves 
the durability and remediates the cracks of concrete structures. 
Constr Build Mater 48:1–5

Achal V, Pan X, Lee DJ et al (2013b) Remediation of Cr (VI) from chro‑
mium slag by biocementation. Chemosphere 93(7):1352–1358

Agency UEP (2008) Green remediation: incorporating sustainable 
environmental practices into remediation of contaminated sites

Aimi MRM, Khalilah K, Hana HN et al (2016) Autogenous healing 
mortar made of alginate‑encapsulated geobacillus stearothermo‑
philus. Springer, 601–619

Aıtcin P (2003) The durability characteristics of high performance con‑
crete: a review. Cement Concr Compos 25(4–5):409–420

Aît‑Mokhtar A, Belarbi R, Benboudjema F et al (2013) Experimental 
investigation of the variability of concrete durability properties. 
Cem Concr Res 45:21–36

Alazhari M, Sharma T, Heath A et al (2018) Application of expanded 
perlite encapsulated bacteria and growth media for self‑healing 
concrete. Constr Build Mater 160:610–619

Al‑Salloum Y, Abbas H, Sheikh Q et al (2016) Effect of some biotic 
factors on microbially‑induced calcite precipitation in cement 
mortar. Saudi J Biol Sci 24(2):286–294

Al‑Salloum Y, Hadi S, Abbas H et al (2017) Bio‑induction and biore‑
mediation of cementitious composites using microbial mineral 
precipitation–A review. Constr Build Mater 154:857–876

Al‑Thawadi S, Cord‑Ruwisch R, Bououdina M (2012) Consolidation 
of sand particles by nanoparticles of calcite after concentrating 
ureolytic bacteria in situ. Int J Green Nanotechnol 4(1):28–36

Amidi S, Wang J (2015) Surface treatment of concrete bricks using 
calcium carbonate precipitation. Constr Build Mater 80:273–278

Anbu P, Kang CH, Shin YJ et al (2016) Formations of calcium carbon‑
ate minerals by bacteria and its multiple applications. Springer‑
plus 5(1):1–26

Anderson J, Bang S, Bang SS, et al (2014) Reduction of wind erosion 
potential using microbial calcite and soil fibers. Geo‑Congress 
2014: Geo‑characterization and Modeling for Sustainability: 
1664–1673

Assouline S, Ben‑Hur M (2006) Effects of rainfall intensity and slope 
gradient on the dynamics of interrill erosion during soil surface 
sealing. CATENA 66(3):211–220

Bachmeier KL, Williams AE, Warmington JR et al (2002) Urease 
activity in microbiologically‑induced calcite precipitation. J 
Biotechnol 93(2):171–181

Bai Y, Guo XJ, Li YZ et al (2017) Experimental and visual research on 
the microbial induced carbonate precipitation by Pseudomonas 
aeruginosa. AMB Express 7(1):1–9

Bang SS, Galinat JK, Ramakrishnan V (2001) Calcite precipita‑
tion induced by polyurethane‑immobilized Bacillus pasteurii. 
Enzyme Microb Technol 28(4–5):404–409



Environmental Earth Sciences (2023) 82:229 

1 3

Page 27 of 33 229

Bang S, Lippert J, Yerra U et al (2010) Microbial calcite, a bio‑based 
smart nanomaterial in concrete remediation. Int J Smart Nano 
Mater 1(1):28–39

Bang SC, Min SH, Bang SS (2011) Application of microbiologically 
induced soil stabilization technique for dust suppression. Int J 
Geo‑Eng 3(2):27–37

Bang S, Leibrock C, Smith B et al (2009a) Geotechnical values of 
microbial calcite in dust suppression. Proc. of NSF Engineering 
Research and Innovation Conference

Bang SS, Bang S, Frutiger S et al (2009b) Application of novel biologi‑
cal technique in dust suppression

Barakat M (2011) New trends in removing heavy metals from industrial 
wastewater. Arab J Chem 4(4):361–377

Baveye P, Vandevivere P, Hoyle BL et al (1998) Environmental impact 
and mechanisms of the biological clogging of saturated soils and 
aquifer materials. Crit Rev Environ Sci Technol 28(2):123–191

De Belie N, De Muynck W (2008) Crack repair in concrete using bio‑
deposition. Proceedings of the International Conference on Con‑
crete Repair, Rehabilitation and Retrofitting (ICCRRR), Cape 
Town, South Africa: 291–292

Bernardi DJ (2012) Biologically cemented sandstone bricks. University 
of California, Davis

Bernardi D, DeJong J, Montoya B et al (2014) Bio‑bricks: biologically 
cemented sandstone bricks. Constr Build Mater 55:462–469

Blauw M, Lambert J, Latil MN (2009) Biosealing: a method for in situ 
sealing of leakages. Proceedings of the International Symposium 
on Ground Improvement Technologies and Case Histories ISGI 
9: 125–130

Bolander P, Yamada A (1999) Dust palliative selection and applica‑
tion guide

Botusharova S, Gardner D, Harbottle M (2020) Augmenting microbi‑
ally induced carbonate precipitation of soil with the capability 
to self‑heal. J Geotech Geoenviron Eng 146:4

Brenner K, You L, Arnold FH (2008) Engineering microbial con‑
sortia: a new frontier in synthetic biology. Trends Biotechnol 
26(9):483–489

Bucci NA, Ghazanfari E, Lu H (2016) Microbially‑induced calcite pre‑
cipitation for sealing rock fractures. Geo‑Chicago 2016:558–567

Bundur ZB, Amiri A, Ersan YC et al (2017) Impact of air entraining 
admixtures on biogenic calcium carbonate precipitation and bac‑
terial viability. Cem Concr Res 98:44–49

Burbank MB, Weaver TJ, Green TL et al (2011) Precipitation of calcite 
by indigenous microorganisms to strengthen liquefiable soils. 
Geomicrobiol J 28(4):301–312

Burbank M, Weaver T, Lewis R et al (2013) Geotechnical tests of 
sands following bioinduced calcite precipitation catalyzed by 
indigenous bacteria. J Geotech Geoenviron Eng 139(6):928–936

Cardoso R, Pires I, Duarte SO et al (2018) Effects of clay’s chemical 
interactions on biocementation. Appl Clay Sci 156:96–103

Cardoso R, Pedreira R, Duarte SO et al (2020) About calcium carbon‑
ate precipitation on sand biocementation. Eng Geol 271:105612

Chahal N, Siddique R (2013) Permeation properties of concrete made 
with fly ash and silica fume: influence of ureolytic bacteria. Con‑
str Build Mater 49:161–174

Chahal N, Siddique R, Rajor A (2012) Influence of bacteria on the 
compressive strength, water absorption and rapid chloride per‑
meability of fly ash concrete. Constr Build Mater 28(1):351–356

Chen X, Achal V (2019) Biostimulation of carbonate precipitation 
process in soil for copper immobilization. J Hazard Mater 
368:705–713

Chen HJ, Huang YH, Chen CC et al (2018) Microbial induced calcium 
carbonate precipitation (MICP) using pig urine as an alternative 
to industrial urea. Waste Biomass Valoriz 10(10):2887–2895

Cheng L (2012) Innovative ground enhancement by improved micro‑
bially induced CaCO3 precipitation technology. Murdoch Uni‑
versity, Murdoch

Cheng L, Cord‑Ruwisch R, Shahin MA (2013) Cementation of sand 
soil by microbially induced calcite precipitation at various 
degrees of saturation. Can Geotech J 50(1):81–90

Cheng L, Shahin M, Cord‑Ruwisch R (2014) Bio‑cementation of sandy 
soil using microbially induced carbonate precipitation for marine 
environments. Géotechnique 64(12):1010–1013

Cheng L, Shahin MA, Mujah D (2017) Influence of key environmental 
conditions on microbially induced cementation for soil stabiliza‑
tion. J Geotech Geoenviron Eng 143(1):04016083

Cheng L, Shahin MA, Chu J (2019) Soil bio‑cementation using 
a new one‑phase low‑pH injection method. Acta Geotech 
14(3):615–626

Cheng L, Kobayashi T, Shahin MA (2020) Microbially induced cal‑
cite precipitation for production of “bio‑bricks” treated at partial 
saturation condition. Constr Build Mater 231:117095

Cheng YJ, Tang CS, Pan XH et al (2021) Application of microbial 
induced carbonate precipitation for loess surface erosion control. 
Eng Geol 294:106387

Cheng L, Shahin MA (2015) Assessment of different treatment 
methods by microbial‑induced calcite precipitation for clayey 
soil improvement. 68th Canadian Geotechnical Conference, 
GeoQuebec 2015

Chesworth W (2007) Encyclopedia of soil science. Springer Science 
& Business Media, Berlin

Choi JC, Lee SR, Lee DS (2011) Numerical simulation of vertical 
ground heat exchangers: intermittent operation in unsaturated 
soil conditions. Comput Geotech 38(8):949–958

Choi SG, Wang K, Chu J (2016a) Properties of biocemented, fiber 
reinforced sand. Constr Build Mater 120:623–629

Choi SG, Wu S, Chu J (2016b) Biocementation for sand using 
an eggshell as calcium source. J Geotech Geoenviron Eng 
142(10):06016010

Choi SG, Chu J, Brown RC et al (2017a) Sustainable biocement 
production via microbially induced calcium carbonate pre‑
cipitation: use of limestone and acetic acid derived from 
pyrolysis of lignocellulosic biomass. ACS Sustain Chem Eng 
5(6):5183–5190

Choi SG, Wang K, Wen Z et al (2017b) Mortar crack repair using 
microbial induced calcite precipitation method. Cement Concr 
Compos 83:209–221

Choi SG, Chang I, Lee M et al (2020) Review on geotechnical engi‑
neering properties of sands treated by microbially induced cal‑
cium carbonate precipitation (MICP) and biopolymers. Constr 
Build Mater 246:118415

Chu J, Stabnikov V, Ivanov V (2012) Microbially induced calcium 
carbonate precipitation on surface or in the bulk of soil. Geom‑
icrobiol J 29(6):544–549

Chu J, Ivanov V, Stabnikov V et al (2013) Microbial method for 
construction of an aquaculture pond in sand. Bio‑and Chemo‑
Mech Process Geotech Eng Géotech Symp 2013:215–219

Chu J, Ivanov V, He J et al (2014) Use of biogeotechnologies for 
disaster mitigation. In: Press CRC (ed) Geotechnics for cata‑
strophic flooding events. CRC Press, Boca Raton, pp 49–56

Chu J, Varaksin S, Klotz U et al (2009) Construction processes, 
state of the art report. Proceedings of the 17th International 
Conference on Soil Mechanics and Geotechnical Engineering, 
Alexandria, Egypt, 4: 3006–3135

Chu J, Ivanov V, He J et al (2011) Development of microbial geo‑
technology in Singapore. 4070–4078

Conte E, Pugliese L, Troncone A (2019) Post‑failure stage simula‑
tion of a landslide using the material point method. Eng Geol 
253:149–159

Crawford RL, Burbank MB, Weaver TJ et al (2013) In situ precipita‑
tion of calcium carbonate (CaCO3) by indigenous microorgan‑
isms to improve mechanical properties of a geomaterial



 Environmental Earth Sciences (2023) 82:229

1 3

229 Page 28 of 33

Cunningham AB, Phillips AJ, Troyer E et al (2014) Wellbore leakage 
mitigation using engineered biomineralization. Energy Proc 
63:4612–4619

Da Silva FB, De Belie N, Boon N et al (2015a) Production of non‑
axenic ureolytic spores for self‑healing concrete applications. 
Constr Build Mater 93:1034–1041

Danjo T, Kawasaki S (2016) Microbially induced sand cementa‑
tion method using Pararhodobacter sp. strain SO1, inspired by 
beachrock formation mechanism. Mater Trans 57(3):428–437

Danka J, Zhang L (2015) Dike failure mechanisms and breaching 
parameters. J Geotech Geoenviron Eng 141(9):04015039

De Koster S, Mors R, Nugteren H et al (2015) Geopolymer coating 
of bacteria‑containing granules for use in self‑healing concrete. 
Procedia Engineering 102:475–484

De Muynck W, Cox K, De Belie N et al (2008a) Bacterial carbonate 
precipitation as an alternative surface treatment for concrete. 
Constr Build Mater 22(5):875–885

De Muynck W, Debrouwer D, De Belie N et al (2008b) Bacterial 
carbonate precipitation improves the durability of cementitious 
materials. Cem Concr Res 38(7):1005–1014

De Muynck W, De Belie N, Verstraete W (2010a) Microbial carbon‑
ate precipitation in construction materials: a review. Ecol Eng 
36(2):118–136

De Muynck W, Verbeken K, De Belie N et al (2010b) Influence 
of urea and calcium dosage on the effectiveness of bacteri‑
ally induced carbonate precipitation on limestone. Ecol Eng 
36(2):99–111

De Muynck W, Leuridan S, van Loo D et al (2011) Influence of pore 
structure on the effectiveness of a biogenic carbonate surface 
treatment for limestone conservation. Appl Environ Microbiol 
77(19):6808–6820

DeJong JT, Mortensen BM, Martinez BC et al (2010) Bio‑mediated 
soil improvement. Ecol Eng 36(2):197–210

DeJong JT, Soga K, Banwart SA et  al (2011) Soil engineering 
in vivo: harnessing natural biogeochemical systems for sustain‑
able, multi‑functional engineering solutions. J R Soc Interface 
8(54):1–15

DeJong J, Soga K, Kavazanjian E et al (2013) Biogeochemical pro‑
cesses and geotechnical applications: progress, opportunities 
and challenges. Géotechnique 63(4):287–301

Dhami NK, Reddy MS, Mukherjee A (2013) Bacillus megaterium 
mediated mineralization of calcium carbonate as biogenic sur‑
face treatment of green building materials. World J Microbiol 
Biotechnol 29(12):2397–2406

Dick J, De Windt W, De Graef B et al (2006) Bio‑deposition of a 
calcium carbonate layer on degraded limestone by Bacillus 
species. Biodegradation 17(4):357–367

Ding J, Wang Z, Zhang N et al (2019) Experimental study on ther‑
mal conductivity of sand solidified by microbially induced 
calcium carbonate precipitation. IOP Conf Ser Earth Environ 
Sci 304(5):052069

Domènech G, Fan X, Scaringi G et al (2019) Modelling the role of 
material depletion, grain coarsening and revegetation in debris 
flow occurrences after the 2008 Wenchuan earthquake. Eng 
Geol 250:34–44

Dosier GK (2011) Methods for making construction material using 
enzyme producing bacteria

Duarte‑Nass C, Rebolledo K, Valenzuela T et al (2020) Application 
of microbe‑induced carbonate precipitation for copper removal 
from copper‑enriched waters: challenges to future industrial 
application. J Environ Manag 256:109938

Ducasse‑Lapeyrusse J, Lors C, Gagne R et al (2015) Bio‑healing: an 
application for the repair of aged mortars. Mater Tech 103(2):2

El Mountassir G, Minto JM, van Paassen LA et al (2018) Applica‑
tions of microbial processes in geotechnical engineering. Adv 
Appl Microbiol 104:39–91

Erşan YÇ, Gruyaert E, Louis G et al (2015) Self‑protected nitrate 
reducing culture for intrinsic repair of concrete cracks. Front 
Microbiol 6:1228

Erşan YÇ, Hernandez‑Sanabria E, Boon N et al (2016) Enhanced 
crack closure performance of microbial mortar through nitrate 
reduction. Cement Concr Compos 70:159–170

Eseller‑Bayat E, Yegian M, Alshawabkeh A et al (2012) Prevention 
of liquefaction during earthquakes through induced partial 
saturation in sands. Geotechnical Engineering: New Horizons: 
188–194

Fan X, Juang CH, Wasowski J et al (2018) What we have learned 
from the 2008 Wenchuan earthquake and its aftermath: a dec‑
ade of research and challenges. Eng Geol 241:25–32

Fang H, Sun L, Tang Z (2015) Effects of rainfall and slope on runoff, 
soil erosion and rill development: an experimental study using 
two loess soils. Hydrol Process 29(11):2649–2658

Fattet M, Fu Y, Ghestem M et al (2011) Effects of vegetation type on 
soil resistance to erosion: relationship between aggregate stabil‑
ity and shear strength. CATENA 87(1):60–69

Fell R (2005) Geotechnical engineering of dams. CRC Press
Fernandes P (2006) Applied microbiology and biotechnology in the 

conservation of stone cultural heritage materials. Appl Microbiol 
Biotechnol 73(2):291–296

Filet AE, Gadret JP, Loygue M et al (2012) Biocalcis and its appli‑
cations for the consolidation of sands. Grouting Deep Mix 
2012:1767–1780

Foster M, Fell R, Spannagle M (2000) The statistics of embankment 
dam failures and accidents. Can Geotech J 37(5):1000–1024

Fujita Y, Ferris FG, Lawson RD et al (2000) Subscribed content cal‑
cium carbonate precipitation by ureolytic subsurface bacteria. 
Geomicrobiol J 17(4):305–318

Fujita Y, Taylor JL, Wendt LM et al (2010) Evaluating the potential 
of native ureolytic microbes to remediate a 90Sr contaminated 
environment. Environ Sci Technol 44(19):7652–7658

Gao Y, Tang X, Chu J et al (2019) Microbially induced calcite pre‑
cipitation for seepage control in sandy soil. Geomicrobiol J 
36(4):366–375

Gat D, Ronen Z, Tsesarsky M (2016) Soil bacteria population dynam‑
ics following stimulation for ureolytic microbial‑induced CaCO3 
precipitation. Environ Sci Technol 50(2):616–624

Ggnn A, Kawasaki S (2017) Factors affecting sand solidification 
using MICP with Pararhodobacter sp. materials transactions: 
M‑M2017849

Ghosh P, Mandal S, Chattopadhyay B et al (2005) Use of microorgan‑
ism to improve the strength of cement mortar. Cem Concr Res 
35(10):1980–1983

Gomez MG, DeJong JT (2017) Engineering properties of bio‑cemen‑
tation improved sandy soils. Grouting 2017:23–33

Gomez MG, Martinez BC, DeJong JT et al (2015) Field‑scale bio‑
cementation tests to improve sands. Proc Inst Civ Eng Ground 
Improv 168(3):206–216

Gomez MG, Anderson CM, Graddy CM et al (2017) Large‑scale 
comparison of bioaugmentation and biostimulation approaches 
for biocementation of sands. J Geotech Geoenviron Eng 
143(5):04016124

Gomez MG, Anderson CM, DeJong JT et  al (2014) Stimulating 
in situ soil bacteria for bio‑cementation of sands. Geo‑Congress 
2014: Geo‑characterization and Modeling for Sustainability: 
1674–1682

Gong W, Tang H, Wang H et al (2019) Probabilistic analysis and design 
of stabilizing piles in slope considering stratigraphic uncertainty. 
Eng Geol 259:105162

Gong W, Juang CH, Wasowski J (2021) Geohazards and human set‑
tlements: lessons learned from multiple relocation events in 
Badong. China‑Eng Geol Perspect Eng Geol 285:106051



Environmental Earth Sciences (2023) 82:229 

1 3

Page 29 of 33 229

Gowthaman S, Iki T, Nakashima K et al (2019) Feasibility study for 
slope soil stabilization by microbial induced carbonate precipita‑
tion (MICP) using indigenous bacteria isolated from cold sub‑
arctic region. SN Appl Sci 1(11):1–16

Grabiec AM, Klama J, Zawal D et al (2012) Modification of recycled 
concrete aggregate by calcium carbonate biodeposition. Constr 
Build Mater 34:145–150

Gu T, Jia R, Unsal T et al (2019) Toward a better understanding of 
microbiologically influenced corrosion caused by sulfate reduc‑
ing bacteria. J Mater Sci Technol 35(4):631–636

Guo Y, Loria M, Rhoades K et al (2018) Effects of microbial induced 
calcite precipitation on bentonite cracking remediation. 135–144

Hall CA, Hernandez G, Darby KM et al (2018) Centrifuge model 
testing of liquefaction mitigation via denitrification‑induced 
desaturation. American Society of Civil Engineers Reston, VA, 
pp 117–126

Hamdan N, Kavazanjian E Jr, Rittmann BE et al (2017) Carbonate 
mineral precipitation for soil improvement through microbial 
denitrification. Geomicrobiol J 34(2):139–146

Hammes F, Verstraete W (2002) Key roles of pH and calcium metabo‑
lism in microbial carbonate precipitation. Rev Environ Sci Bio‑
technol 1(1):3–7

Han Z, Cheng X, Ma Q (2016) An experimental study on dynamic 
response for MICP strengthening liquefiable sands. Earthq Eng 
Eng Vib 15(4):673–679

Han S, Choi EK, Park W et al (2019) Effectiveness of expanded clay 
as a bacteria carrier for self‑healing concrete. Appl Biol Chem 
62(1):1–5

Hata T, Saracho AC, Haigh SK et al (2020) Microbial‑induced carbon‑
ate precipitation applicability with the methane hydrate‑bearing 
layer microbe. J Nat Gas Sci Eng 81:103490

He J, Chu J (2014) Undrained responses of microbially desaturated 
sand under monotonic loading. J Geotech Geoenviron Eng 
140(5):04014003

Hua B, Deng B, Thornton EC et al (2007) Incorporation of chromate 
into calcium carbonate structure during coprecipitation. Water 
Air Soil Pollut 179(1):381–390

Hwang SK, Jho EH (2018) Heavy metal and sulfate removal from 
sulfate‑rich synthetic mine drainages using sulfate reducing bac‑
teria. Sci Total Environ 635:1308–1316

Imran MA, Kimura S, Nakashima K et al (2019) Feasibility study of 
native ureolytic bacteria for biocementation towards coastal ero‑
sion protection by micp method. Appl Sci 9(20):4462

Inagaki Y, Tsukamoto M, Mori H et al (2011) A centrifugal model test 
of microbial carbonate precipitation as liquefaction countermeas‑
ure. Jiban Kogaku Janaru 6(2):157–167

Indraratna B, Athukorala R, Vinod J (2013) Estimating the rate of 
erosion of a silty sand treated with lignosulfonate. J Geotech 
Geoenviron Eng 139(5):701–714

Islam MT, Chittoori BC, Burbank M (2020) Evaluating the applicabil‑
ity of biostimulated calcium carbonate precipitation to stabilize 
clayey soils. J Mater Civ Eng 32(3):04019369

Ivanov V, Chu J (2008) Applications of microorganisms to geotechnical 
engineering for bioclogging and biocementation of soil in situ. 
Rev Environ Sci Bio/technol 7(2):139–153

Ivanov V, Chu J, Stabnikov V et al (2010) Iron‑based bio‑grout for 
soil improvement and land reclamation. Proceedings of the 2nd 
International Conference on Sustainable Construction Materials 
and Technologies, Italy: p415–420

Jain S, Arnepalli D (2019) Biochemically induced carbonate precipi‑
tation in aerobic and anaerobic environments by Sporosarcina 
pasteurii. Geomicrobiol J 36(5):443–451

Jalilvand N, Akhgar A, Alikhani HA et al (2019) Removal of heavy 
metals Zinc, Lead, and Cadmium by biomineralization of urease‑
producing bacteria isolated from Iranian Mine Calcareous soils. 
J Soil Sci Plant Nutr 20(1):206–219

Jiang NJ (2021) Discussion of “About calcium carbonate precipita‑
tion on sand biocementation” by Rafaela Cardoso, Rita Pedreira, 
Sofia OD Duarte, and Gabriel A Monteiro. Eng Geol 282:105726

Jiang NJ, Soga K (2017) The applicability of microbially induced cal‑
cite precipitation (MICP) for internal erosion control in gravel–
sand mixtures. Géotechnique 67(1):42–55

Jiang NJ, Yoshioka H, Yamamoto K et al (2016) Ureolytic activities 
of a urease‑producing bacterium and purified urease enzyme in 
the anoxic condition: implication for subseafloor sand production 
control by microbially induced carbonate precipitation (MICP). 
Ecol Eng 90:96–104

Jiang NJ, Soga K, Kuo M (2017) Microbially induced carbonate precip‑
itation for seepage‑induced internal erosion control in sand–clay 
mixtures. J Geotech Geoenviron Eng 143(3):04016100

Jiang NJ, Liu R, Du YJ et al (2019) Microbial induced carbonate pre‑
cipitation for immobilizing Pb contaminants: toxic effects on 
bacterial activity and immobilization efficiency. Sci Total Envi‑
ron 672:722–731

Jiang NJ, Tang CS, Hata T et al (2020) Bio‑mediated soil improvement: 
the way forward. Soil Use Manag 36(2):185–188

Jiang NJ, Soga K, Dawoud O (2014) Experimental study of the miti‑
gation of soil internal erosion by microbially induced calcite 
precipitation. Geo‑Congress 2014: Geo‑Characterization and 
Modeling for Sustainability: 1586–1595

Jongvivatsakul P, Janprasit K, Nuaklong P et al (2019) Investigation 
of the crack healing performance in mortar using microbially 
induced calcium carbonate precipitation (MICP) method. Constr 
Build Mater 212:737–744

Jonkers HM, Schlangen E (2007) Crack repair by concrete‑immobi‑
lized bacteria. Proc First Int Conf Self Healing Mater 18:20

Jonkers HM, Thijssen A, Muyzer G et al (2010) Application of bacteria 
as self‑healing agent for the development of sustainable concrete. 
Ecol Eng 36(2):230–235

Juang CH, Dijkstra T, Wasowski J et al (2019a) Loess geohazards 
research in China: advances and challenges for mega engineer‑
ing projects. Eng Geol 251:1–10

Juang CH, Zhang J, Shen M et al (2019b) Probabilistic methods for 
unified treatment of geotechnical and geological uncertainties in 
a geotechnical analysis. Eng Geol 249:148–161

Juang CH, Gong W, Wasowski J (2022) Trending topics of significance 
in engineering geology. Eng Geol 296:106460

Kakelar MM, Ebrahimi S, Hosseini M (2016) Improvement in soil 
grouting by biocementation through injection method. Asia‑Pac 
J Chem Eng 11(6):930–938

Kang CH, Han SH, Shin Y et al (2014) Bioremediation of Cd by micro‑
bially induced calcite precipitation. Appl Biochem Biotechnol 
172(6):2907–2915

Kannan K, Bindu J, Vinod P (2020) Engineering behaviour of MICP 
treated marine clays. Mar Georesour Geotechnol 38(7):761–769

Karol RH (2003) Chemical grouting and soil stabilization, revised and 
expanded. Crc Press, Boca Raton

Khaliq W, Ehsan MB (2016) Crack healing in concrete using vari‑
ous bio influenced self‑healing techniques. Constr Build Mater 
102:349–357

Khan MNH, Ggnn A, Shimazaki S et al (2015) Coral sand solidifica‑
tion test based on microbially induced carbonate precipitation 
using ureolytic bacteria. Mater Trans 56(10):1725–1732

Khan MNH, Shimazaki S, Kawasaki S (2016) Coral sand solidifica‑
tion test through microbial calcium carbonate precipitation using 
Pararhodobacter sp. Int J Geomate 11(26):2665–2670

Kim JH, Lee JY (2019) An optimum condition of MICP indigenous 
bacteria with contaminated wastes of heavy metal. J Mater 
Cycles Waste Manage 21(2):239–247

Kinnell P (2005) Raindrop‑impact‑induced erosion processes and pre‑
diction: a review. Hydrol Processes 19(14):2815–2844



 Environmental Earth Sciences (2023) 82:229

1 3

229 Page 30 of 33

Kirkland CM, Thane A, Hiebert R et al (2020) Addressing wellbore 
integrity and thief zone permeability using microbially‑induced 
calcium carbonate precipitation (MICP): a field demonstration. 
J Petrol Sci Eng 190:107060

Laloui L, Di Donna A (2013) Energy geostructures. ISTE and John 
Wiley & Sons

Lambert S, Randall D (2019) Manufacturing bio‑bricks using microbial 
induced calcium carbonate precipitation and human urine. Water 
Res 160:158–166

Larson M (2010) Professor uses bacteria to make ecofriendly bricks
Le Metayer‑Levrel G, Castanier S, Orial G et al (1999) Applications 

of bacterial carbonatogenesis to the protection and regenera‑
tion of limestones in buildings and historic patrimony. Sed 
Geol 126(1–4):25–34

Le Pape P, Battaglia‑Brunet F, Parmentier M et al (2017) Complete 
removal of arsenic and zinc from a heavily contaminated acid 
mine drainage via an indigenous SRB consortium. J Hazard 
Mater 321:764–772

Lee YS, Park W (2018) Current challenges and future directions 
for bacterial self‑healing concrete. Appl Microbiol Biotechnol 
102(7):3059–3070

Lee YS, Park W (2019) Enhanced calcium carbonate‑biofilm com‑
plex formation by alkali‑generating Lysinibacillus boronitol‑
erans YS11 and alkaliphilic Bacillus sp. AK13. AMB Exp 
9(1):1–17

Lee YS, Kim HJ, Park W (2017) Non‑ureolytic calcium carbonate pre‑
cipitation by Lysinibacillus sp. YS11 isolated from the rhizos‑
phere of Miscanthus sacchariflorus. J Microbiol 55(6):440–447

Li B (2014) Geotechnical properties of biocement treated soils. Nan‑
yang Technological University, Nanyang

Li M, Cheng X, Guo H (2013) Heavy metal removal by biomineraliza‑
tion of urease producing bacteria isolated from soil. Int Biodete‑
rior Biodegradation 76:81–85

Li M, Cheng X, Guo H et al (2016) Biomineralization of carbonate by 
Terrabacter tumescens for heavy metal removal and biogrouting 
applications. J Environ Eng 142(9):C4015005

Li M, Fang C, Kawasaki S et al (2018a) Fly ash incorporated with 
biocement to improve strength of expansive soil. Sci Rep 
8(1):1–7

Li M, Wen K, Li Y et al (2018b) Impact of oxygen availability on 
microbially induced calcite precipitation (MICP) treatment. 
Geomicrobiol J 35(1):15–22

Li C, Fu Z, Wang Y et al (2019) Susceptibility of reservoir‑induced 
landslides and strategies for increasing the slope stability in the 
Three Gorges Reservoir Area: Zigui Basin as an example. Eng 
Geol 261:105279

Li S, Li C, Yao D et al (2020) Feasibility of microbially induced car‑
bonate precipitation and straw checkerboard barriers on deserti‑
fication control and ecological restoration. Ecol Eng 152:105883

Li P, Liu C, Zhou W (2015) Influence of bacterial carbonate precipita‑
tion on the compressive strength and water absorption of fly ash 
concrete. 3rd International Conference on Mechatronics, Robot‑
ics and Automation

Liu D, Shao A, Jin C et al (2018) Healing technique for rock cracks 
based on microbiologically induced calcium carbonate minerali‑
zation. J Mater Civ Eng 30(11):04018286

Liu B, Zhu C, Tang CS et al (2020a) Bio‑remediation of desiccation 
cracking in clayey soils through microbially induced calcite pre‑
cipitation (MICP). Eng Geol 264:105389

Liu S, Wang R, Yu J et al (2020b) Effectiveness of the anti‑erosion of 
an MICP coating on the surfaces of ancient clay roof tiles. Constr 
Build Mater 243:118202

Liu S, Yu J, Peng X et al (2020c) Preliminary study on repairing tabia 
cracks by using microbially induced carbonate precipitation. 
Constr Build Mater 248:118611

Liu B, Xie YH, Tang CS et  al (2021a) Bio‑mediated method for 
improving surface erosion resistance of clayey soils. Eng Geol 
293:106295

Liu KW, Jiang NJ, Qin JD et al (2021b) An experimental study of miti‑
gating coastal sand dune erosion by microbial‑and enzymatic‑
induced carbonate precipitation. Acta Geotech 16(2):467–480

Lohnes RA, Coree B (2002) Determination and evaluation of alter‑
nate methods for managing and controlling highway‑related dust. 
Iowa Department of Transportation

Lors C, Ducasse‑Lapeyrusse J, Gagné R et al (2017) Microbiologically 
induced calcium carbonate precipitation to repair microcracks 
remaining after autogenous healing of mortars. Constr Build 
Mater 100(141):461–469

Lucas SS, Moxham C, Tziviloglou E et al (2018) Study of self‑
healing properties in concrete with bacteria encapsulated in 
expanded clay. Sci Technol Mater 30:93–98

Luo M, Qian CX, Li RY (2015) Factors affecting crack repairing 
capacity of bacteria‑based self‑healing concrete. Constr Build 
Mater 87:1–7

Ma H, Qian S, Zhang Z (2014) Effect of self‑healing on water per‑
meability and mechanical property of medium‑early‑strength 
engineered cementitious composites. Constr Build Mater 
68:92–101

Manzur T, Huq RS, Efaz IH et al (2019) Performance enhancement 
of brick aggregate concrete using microbiologically induced 
calcite precipitation. Case Stud Constr Mater 11:e00248

Martinez A, DeJong J, Akin I et al (2021) Bio‑inspired geotechnical 
engineering: principles, current work, opportunities and chal‑
lenges. Géotechnique 2:1–19

Matsubara H (2021) Stabilisation of weathered limestone surfaces 
using microbially enhanced calcium carbonate deposition. Eng 
Geol 284:106044

Meng H, Gao Y, He J et al (2021a) Microbially induced carbonate 
precipitation for wind erosion control of desert soil: field‑scale 
tests. Geoderma 383:114723

Meng H, Shu S, Gao Y et al (2021b) Multiple‑phase enzyme‑induced 
carbonate precipitation (EICP) method for soil improvement. 
Eng Geol 294:106374

Meyer FD, Bang S, Min S et al (2011) Microbiologically‑induced 
soil stabilization: application of Sporosarcina pasteurii for 
fugitive dust control. Geo‑frontiers 2011: advances in geo‑
technical engineering: 4002–4011

Minto JM, MacLachlan E, El Mountassir G et al (2016) Rock frac‑
ture grouting with microbially induced carbonate precipitation. 
Water Resour Res 52(11):8827–8844

Mitchell JK, Baxter CD, Munson TC (1995) Performance of 
improved ground during earthquakes. Soil Improvement for 
Earthquake Hazard Mitigation: 1–36

Montoya B, DeJong J, Boulanger R (2013) Dynamic response of 
liquefiable sand improved by microbial‑induced calcite precipi‑
tation. Bio‑and Chemo‑Mech Processes Geotech Eng Géotech 
Symposium in Print 2013:125–135

Montoya B, DeJong J, Boulanger RW et al (2012) Liquefaction 
mitigation using microbial induced calcite precipitation. Geo‑
Congress 2012: State of the Art and Practice in Geotechnical 
Engineering: 1918–1927

Moravej S, Habibagahi G, Nikooee E et al (2017) Stabilization of 
dispersive soils by means of biological calcite precipitation. 
Geoderma 315:130–137

Mujah D, Shahin MA, Cheng L (2017) State‑of‑the‑art review of 
biocementation by microbially induced calcite precipitation 
(MICP) for soil stabilization. Geomicrobiol J 34(6):524–537

Naeimi M, Chu J (2017) Comparison of conventional and bio‑
treated methods as dust suppressants. Environ Sci Pollut Res 
24(29):23341–23350



Environmental Earth Sciences (2023) 82:229 

1 3

Page 31 of 33 229

Neupane D, Yasuhara H, Kinoshita N et al (2013) Applicability of 
enzymatic calcium carbonate precipitation as a soil‑strengthen‑
ing technique. J Geotech Geoenviron Eng 139(12):2201–2211

Norris JE, Stokes A, Mickovski SB et al (2008) Slope stability and 
erosion control: ecotechnological solutions. Springer Science 
& Business Media, Berlin

O’Donnell ST, Kavazanjian E, Rittmann BE (2017a) MIDP: liquefac‑
tion mitigation via microbial denitrification as a two‑stage pro‑
cess. II: MICP. J Geotech Geoenviron Eng 143(12):04017095

O’Donnell ST, Rittmann BE, Kavazanjian E Jr (2017b) MIDP: liq‑
uefaction mitigation via microbial denitrification as a two‑
stage process I: desaturation. J Geotech Geoenviron Eng 
143(12):04017094

O’Donnell ST, Hall CA, Kavazanjian E Jr et al (2019) Biogeochemical 
model for soil improvement by denitrification. J Geotech Geoen‑
viron Eng 145(11):04019091

Okwadha GD, Li J (2010) Optimum conditions for microbial carbonate 
precipitation. Chemosphere 81(9):1143–1148

Okyay TO, Rodrigues DF (2015) Biotic and abiotic effects on CO2 
sequestration during microbially‑induced calcium carbonate pre‑
cipitation. FEMS Microbiol Ecol 91(3):17

Okyay TO, Nguyen HN, Castro SL et al (2016) CO2 sequestration by 
ureolytic microbial consortia through microbially‑induced calcite 
precipitation. Sci Total Environ 572:671–680

Osinubi K, Eberemu A, Ijimdiya T et al (2020) Review of the use of 
microorganisms in geotechnical engineering applications. SN 
Appl Sci 2(2):1–19

van Paassen L, Harkes M, van Zwieten G et al (2009) of BioGrout: a 
biological ground reinforcement method. Proceedings of the 17th 
International Conference on Soil Mechanics and Geotechnical 
Engineering, 3: 2328–2333

van Paassen LA (2011) Bio‑mediated ground improvement: from lab‑
oratory experiment to pilot applications. Geo‑Frontiers 2011: 
Advances in Geotechnical Engineering: 4099–4108

Pacheco‑Torgal F, Labrincha J (2014) Biotechnologies and bioinspired 
materials for the construction industry: an overview. Int J Sustain 
Eng 7(3):235–244

Palin D, Wiktor V, Jonkers H (2015) Autogenous healing of marine 
exposed concrete: characterization and quantification through 
visual crack closure. Cem Concr Res 73:17–24

Park SJ, Park YM, Chun WY et al (2010) Calcite‑forming bacteria 
for compressive strength improvement in mortar. J Microbiol 
Biotechnol 20(4):782–788

Pei R, Liu J, Wang S et al (2013) Use of bacterial cell walls to improve 
the mechanical performance of concrete. Cement Concr Compos 
39:122–130

Pham VP, Nakano A, van Der Star WR et al (2016) Applying MICP 
by denitrification in soils: a process analysis. Environ Geotech 
5(2):79–93

Phillips AJ, Lauchnor E, Eldring J et al (2013) Potential CO2 leakage 
reduction through biofilm‑induced calcium carbonate precipita‑
tion. Environ Sci Technol 47(1):142–149

Phillips AJ, Cunningham AB, Gerlach R et al (2016) Fracture sealing 
with microbially‑induced calcium carbonate precipitation: a field 
study. Environ Sci Technol 50(7):4111–4117

Phillips AJ, Troyer E, Hiebert R et al (2018) Enhancing wellbore 
cement integrity with microbially induced calcite precipita‑
tion (MICP): a field scale demonstration. J Petrol Sci Eng 
171:1141–1148

Phillips AJ (2013) Biofilm‑induced calcium carbonate precipitation: 
application in the subsurface

Porter H, Mukherjee A, Tuladhar R, Dhami NK (2021) Life cycle 
assessment of biocement: an emerging sustainable solution? 
Sustainability 13(24):13878

Pungrasmi W, Intarasoontron J, Jongvivatsakul P et al (2019) Evalua‑
tion of microencapsulation techniques for micp bacterial spores 
applied in self‑healing concrete. Sci Rep 9(1):1–10

Qabany AA, Soga K (2013) Effect of chemical treatment used in MICP 
on engineering properties of cemented soils. Bio‑and Chemo‑
Mech Processes Geotech Eng Géotech Symposium in Print 
2013:107–115

Qian CX, Wang JY, Wang RX et al (2009) Corrosion protection of 
cement‑based building materials by surface deposition of CaCO3 
by bacillus pasteurii. Mater Sci Eng C 29(4):1273–1280

Qian C, Wang A, Wang X (2015) Advances of soil improvement with 
bio‑grouting. Rock Soil Mech 36(6):1537–1548

Rahman Z (2020) An overview on heavy metal resistant microorgan‑
isms for simultaneous treatment of multiple chemical pollutants 
at co‑contaminated sites, and their multipurpose application. J 
Hazard Mater 2:122682

Ramachandran SK, Ramakrishnan V, Bang SS (2001) Remediation 
of concrete using micro‑organisms. ACI Mater J‑Am Concr Inst 
98(1):3–9

Ramakrishnan V, Ramesh K, Bang S (2001) Bacterial concrete. Smart 
Mater 4234:168–176

Ramakrishnan V, Panchalan RK, Bang SS et al (2005) Improvement 
of concrete durability by bacterial mineral precipitation. Proc 
ICF 11:357–367

Ramanan R, Kannan K, Sivanesan SD et al (2009) Bio‑sequestration 
of carbon dioxide using carbonic anhydrase enzyme puri‑
fied from Citrobacter freundii. World J Microbiol Biotechnol 
25(6):981–987

Randall D, Naidoo V (2018) Urine: the liquid gold of wastewater. J 
Environ Chem Eng 6(2):2627–2635

Rautray P, Roy A, Mathew DJ et al (2019) Bio‑Brick‑Development 
of sustainable and cost effective building material. Proceedings 
of the Design Society: International Conference on Engineering 
Design 1(1): 3171–3180

Rebata‑Landa V, Santamarina JC (2012) Mechanical effects of bio‑
genic nitrogen gas bubbles in soils. J Geotech Geoenviron Eng 
138(2):128–137

Reinhardt HW, Jooss M (2003) Permeability and self‑healing of 
cracked concrete as a function of temperature and crack width. 
Cem Concr Res 33(7):981–985

Rodriguez‑Navarro C, Rodriguez‑Gallego M, Chekroun KB et  al 
(2003) Conservation of ornamental stone by Myxococcus xan‑
thus‑induced carbonate biomineralization. Appl Environ Micro‑
biol 69(4):2182–2193

Ryu Y, Lee KE, Cha IT et al (2020) Optimization of bacterial sporula‑
tion using economic nutrient for self‑healing concrete. J Micro‑
biol 58(4):288–296

Salifu E, MacLachlan E, Iyer KR et al (2016) Application of microbi‑
ally induced calcite precipitation in erosion mitigation and sta‑
bilisation of sandy soil foreshore slopes: a preliminary investiga‑
tion. Eng Geol 201:96–105

Sasaki T, Kuwano R (2016) Undrained cyclic triaxial testing on sand 
with non‑plastic fines content cemented with microbially induced 
CaCO3. Soils Found 56(3):485–495

Seifan M, Sarmah AK, Samani AK et al (2018) Mechanical proper‑
ties of bio self‑healing concrete containing immobilized bacte‑
ria with iron oxide nanoparticles. Appl Microbiol Biotechnol 
102(10):4489–4498

Senthilkumar V, Palanisamy T, Vijayakumar VN (2014) Enrichment 
of compressive strength in microbial cement mortar. Adv Cem 
Res 26(6):353–360

Senthilkumar V, Palanisamy T, Vijayakumar VN (2015) Strength 
characteristics of microbial cement mortars treated in different 
calcium sources. Adv Cem Res 27(5):289–296



 Environmental Earth Sciences (2023) 82:229

1 3

229 Page 32 of 33

Shahin M, Jamieson K, Cheng L (2020) Microbial‑induced carbon‑
ate precipitation for coastal erosion mitigation of sandy slopes. 
Géotech Lett 10(2):211–215

Shanahan C, Montoya B (2014) Strengthening coastal sand dunes 
using microbial‑induced calcite precipitation. Geo‑Congress 
2014: Geo‑Characterization and Modeling for Sustainability: 
1683–1692

Sharma M, Satyam N, Reddy KR (2021) Effect of freeze‑thaw cycles 
on engineering properties of biocemented sand under different 
treatment conditions. Eng Geol 284:106022

Siddique R, Chahal NK (2011) Effect of ureolytic bacteria on concrete 
properties. Constr Build Mater 25(10):3791–3801

Siddique R, Rajor A (2014) Strength and microstructure analysis of 
bacterial treated cement kiln dust mortar. Constr Build Mater 
63:49–55

Siddique R, Nanda V, Kadri EH et al (2016a) Influence of bacteria 
on compressive strength and permeation properties of concrete 
made with cement baghouse filter dust. Constr Build Mater 
106:461–469

Siddique R, Singh K, Singh M et al (2016b) Properties of bacterial 
rice husk ash concrete. Constr Build Mater 121:112–119

Silva FB, Boon N, Belie ND et al (2015b) Industrial application of 
biological self‑healing concrete: challenges and economical 
feasibility. J Commer Biotechnol 21(1):2

Simatupang M, Okamura M (2017) Liquefaction resistance of sand 
remediated with carbonate precipitation at different degrees of 
saturation during curing. Soils Found 57(4):619–631

Song C, Elsworth D (2020) Microbially induced calcium carbonate 
plugging for enhanced oil recovery. Geofluids

Song C, Elsworth D (2018) Strengthening mylonitized soft‑coal 
reservoirs by microbial mineralization. Int J Coal Geol 
200:166–172

Soon NW, Lee LM, Khun TC et al (2014) Factors affecting improve‑
ment in engineering properties of residual soil through micro‑
bial‑induced calcite precipitation. J Geotech Geoenviron Eng 
140(5):04014006

Spencer CA, van Paassen L, Sass H (2020) Effect of jute fibres on the 
process of MICP and properties of biocemented sand. Materials 
13(23):5429

Spencer CA, Sass H (2019) Use of carrier materials to immobilise 
and supply cementation medium for microbially mediated self‑
healing of biocement. IOP Conference Series: Materials Science 
and Engineering. IOP Publishing 660(1): 012067

Stabnikov V, Naeimi M, Ivanov V et al (2011) Formation of water‑
impermeable crust on sand surface using biocement. Cem Concr 
Res 41(11):1143–1149

Stabnikov V, Ivanov V, Chu J (2015) Construction Biotechnology: a 
new area of biotechnological research and applications. World J 
Microbiol Biotechnol 31(9):1303–1314

Stabnikov V, Ivanov V, Chu J (2016) Sealing of sand using spraying 
and percolating biogrouts for the construction of model aquacul‑
ture pond in arid desert. Int Aquat Res 8(3):207–216

Stocks‑Fischer S, Galinat JK, Bang SS (1999) Microbiological precipi‑
tation of CaCO3. Soil Biol Biochem 31(11):1563–1571

Suliman MF, Sarsam SI (2018) Behavior of bacterial concrete under 
freezing and thawing cycles. J Adv Civ Eng Constr Mater 
1(1):40–50

Tang H, Wasowski J, Juang CH (2019) Geohazards in the three Gorges 
Reservoir Area, China‑Lessons learned from decades of research. 
Eng Geol 261:105267

Tang CS, Paleologos EK, Vitone C et al (2020a) Environmental geo‑
technics: challenges and opportunities in the post‑COVID‑19 
world. Environ Geotech 40:1–21

Tang CS, Yin LY, Jiang NJ et al (2020b) Factors affecting the per‑
formance of microbial‑induced carbonate precipitation (MICP) 
treated soil: a review. Environ Earth Sci 79(5):1–23

Teng F, Sie YC, Ouedraogo C (2021) Strength improvement in silty 
clay by microbial‑induced calcite precipitation. Bull Eng Geol 
Env 80(8):6359–6371

Terzis D, Laloui L (2019) A decade of progress and turning points 
in the understanding of bio‑improved soils: a review. Geomech 
Energy Environ 19:100116

Terzis D (2017) Kinetics, mechanics and micro‑structure of bio‑
cemented soils

Thullner M, Baveye P (2008) Computational pore network modeling 
of the influence of biofilm permeability on bioclogging in porous 
media. Biotechnol Bioeng 99(6):1337–1351

Tobler DJ, Minto JM, El Mountassir G et al (2018) Microscale analysis 
of fractured rock sealed with microbially induced CaCO3 pre‑
cipitation: influence on hydraulic and mechanical performance. 
Water Resour Res 54(10):8295–8308

Tziviloglou E, Wiktor V, Jonkers H et al (2016) Bacteria‑based self‑
healing concrete to increase liquid tightness of cracks. Constr 
Build Mater 122:118–125

USBR (2011) Design standard No. 13 Embankment dams–chapter 5, 
protective filters

Vail M, Zhu C, Tang CS et al (2019) Desiccation cracking behavior of 
MICP‑treated bentonite. Geosciences 9(9):385

van Paassen LA, Ghose R, van der Linden TJ et al (2010) Quantifying 
biomediated ground improvement by ureolysis: large‑scale bio‑
grout experiment. J Geotech Geoenviron Eng 136(12):1721–1728

van Tittelboom K, De Belie N, De Muynck W et al (2010) Use of bac‑
teria to repair cracks in concrete. Cem Concr Res 40(1):157–166

Vanicek I, Vanicek M (2008) Earth structures: in transport, water and 
environmental engineering. Springer Science & Business Media, 
Berlin

Vempada SR, Reddy SSP, Rao MS et al (2011) Strength enhancement 
of cement mortar using microorganisms‑an experimental study. 
Int J Earth Sci Eng 4:933–936

Venuleo S, Laloui L, Terzis D et al (2016) Microbially induced calcite 
precipitation effect on soil thermal conductivity. Géotech Lett 
6(1):39–44

Wang JY, De Belie N, Verstraete W (2012a) Diatomaceous earth as a 
protective vehicle for bacteria applied for self‑healing concrete. 
J Ind Microbiol Biotechnol 39(4):567–577

Wang J, van Tittelboom K, De Belie N et al (2012b) Use of silica gel 
or polyurethane immobilized bacteria for self‑healing concrete. 
Constr Build Mater 26(1):532–540

Wang J, Soens H, Verstraete W et al (2014) Self‑healing concrete 
by use of microencapsulated bacterial spores. Cem Concr Res 
56:139–152

Wang X, Tao J, Bao R et  al (2018a) Surficial soil stabilization 
against water‑induced erosion using polymer‑modified micro‑
bially induced carbonate precipitation. J Mater Civ Eng 
30(10):04018267

Wang Z, Zhang N, Lin F et al (2019) Thermal conductivity of dry sands 
treated with microbial‑induced calcium carbonate precipitation. 
Adv Mater Sci Eng 2019:4562958

Wang YJ, Han XL, Jiang NJ et al (2020) The effect of enrichment 
media on the stimulation of native ureolytic bacteria in calcare‑
ous sand. Int J Environ Sci Technol 17(3):1795–1808

Wang Y, Liu H, Zhang Z et al. (2018b) Study on low‑strength bioce‑
mented sands using a temperature‑controlled MICP (microbi‑
ally induced calcite precipitation) method. Civil Infrastructures 
Confronting Severe Weathers and Climate Changes Conference: 
15–26

Warthmann R, van Lith Y, Vasconcelos C et al (2000) Bacterially 
induced dolomite precipitation in anoxic culture experiments. 
Geology 28(12):1091–1094

Weaver T, Burbank M, Lewis A et al (2011) Bio‑induced calcite, 
iron, and manganese precipitation for geotechnical engineering 



Environmental Earth Sciences (2023) 82:229 

1 3

Page 33 of 33 229

applications. Geo‑Frontiers 2011: Advances in Geotechnical 
Engineering: 3975–3983

Whiffin VS, van Paassen LA, Harkes MP (2007) Microbial carbonate 
precipitation as a soil improvement technique. Geomicrobiol J 
24(5):417–423

Wiktor V, Jonkers HM (2011) Quantification of crack‑healing in novel 
bacteria‑based self‑healing concrete. Cement Concr Compos 
33(7):763–770

Wiktor V, Jonkers H (2016) Bacteria‑based concrete: from concept to 
market. Smart Mater Struct 25(8):084006

Woolley MA, van Paassen L, Kavazanjian E (2020) Impact on surface 
hydraulic conductivity of EICP treatment for fugitive dust miti‑
gation. Geo‑Congress 2020: Biogeotechnics: 132–140

Wu C, Chu J, Wu S et  al (2019a) Quantifying the permeability 
reduction of biogrouted rock fracture. Rock Mech Rock Eng 
52(3):947–954

Wu C, Chu J, Wu S, Hong Y (2019b) 3D characterization of micro‑
bially induced carbonate precipitation in rock fracture and the 
resulted permeability reduction. Eng Geol 249:23–30

Wu C, Chu J, Wu S (2020) Biogrouting of rock joints. Geo‑Congress 
2020. Biogeotechnics: 1–8

Wuana RA, Okieimen FE (2011) Heavy metals in contaminated soils: 
a review of sources, chemistry, risks and best available strate‑
gies for remediation. Commun Soil Sci Plant Anal 42:111–122. 
https:// doi. org/ 10. 5402/ 2011/ 402647

Xiao XY, Wang MW, Zhu HW et al (2017) Response of soil microbial 
activities and microbial community structure to vanadium stress. 
Ecotoxicol Environ Saf 142:200–206

Xiao P, Liu H, Xiao Y et al (2018) Liquefaction resistance of bio‑
cemented calcareous sand. Soil Dyn Earthq Eng 107:9–19

Xiao P, Liu H, Stuedlein AW et al (2019a) Effect of relative density 
and biocementation on cyclic response of calcareous sand. Can 
Geotech J 56(12):1849–1862

Xiao Y, He X, Evans TM et al (2019b) Unconfined compressive and 
splitting tensile strength of basalt fiber–reinforced biocemented 
sand. J Geotech Geoenviron Eng 145(9):04019048

Xiao JZ, Wei YQ, Cai H et al (2020) Microbial‑induced carbonate 
precipitation for strengthening soft clay. Adv Mater Sci Eng 
2020:8140724

Xu J, Wang X (2018) Self‑healing of concrete cracks by use of bac‑
teria‑containing low alkali cementitious material. Constr Build 
Mater 167:1–14

Xu J, Yao W (2014) Multiscale mechanical quantification of self‑heal‑
ing concrete incorporating non‑ureolytic bacteria‑based healing 
agent. Cem Concr Res 64:1–10

Xu YB, Qian CX, Lu ZW (2013) Remediation of heavy metal con‑
taminated soils by bacteria biomineralization. Chin J Environ 
Eng 7(7):2763–2768

Yang Z, Cheng X (2013) A performance study of high‑strength micro‑
bial mortar produced by low pressure grouting for the reinforce‑
ment of deteriorated masonry structures. Constr Build Mater 
41:505–515

Yang Y, Chu J, Xiao Y et al (2019) Seepage control in sand using 
bioslurry. Constr Build Mater 212:342–349

Yang Z, Cheng X, Li M (2011) Engineering properties of MICP‑
bonded sandstones used for historical masonry building restora‑
tion. 4031–4040

Yasuhara H, Neupane D, Hayashi K et  al (2012) Experiments 
and predictions of physical properties of sand cemented by 
enzymatically‑induced carbonate precipitation. Soils Found 
52(3):539–549

Yegian M, Eseller‑Bayat E, Alshawabkeh A et al (2007) Induced‑par‑
tial saturation for liquefaction mitigation: experimental investiga‑
tion. J Geotech Geoenviron Eng 133(4):372–380

Yu T, Souli H, Péchaud Y et al (2020) Optimizing protocols for micro‑
bial induced calcite precipitation (MICP) for soil improvement‑a 
review. Eur J Environ Civ Eng 26(6):2218–2233

Zeng Z, Tice M (2014) Promotion and nucleation of carbonate 
precipitation during microbial iron reduction. Geobiology 
12(4):362–371

Zeng H, Yin LY, Tang CS et  al (2021) Tensile behavior of bio‑
cemented, fiber‑reinforced calcareous sand from coastal zone. 
Eng Geol 294:106390

Zhang L (2013) Production of bricks from waste materials‑A review. 
Constr Build Mater 47:643–655

Zhang N, Wang Z (2017) Review of soil thermal conductivity and 
predictive models. Int J Therm Sci 117:172–183

Zhang J, Zhou A, Liu Y et al (2017) Microbial network of the car‑
bonate precipitation process induced by microbial consortia and 
the potential application to crack healing in concrete. Sci Rep 
7(1):1–10

Zhang J, Zhao C, Zhou A et al (2019) Aragonite formation induced by 
open cultures of microbial consortia to heal cracks in concrete: 
Insights into healing mechanisms and crystal polymorphs. Constr 
Build Mater 224:815–822

Zhao Q, Li L, Li C et al (2014) Factors affecting improvement of engi‑
neering properties of MICP‑treated soil catalyzed by bacteria and 
urease. J Mater Civ Eng 26(12):04014094

Zhao Y, Yao J, Yuan Z et al (2017) Bioremediation of Cd by strain 
GZ‑22 isolated from mine soil based on biosorption and micro‑
bially induced carbonate precipitation. Environ Sci Pollut Res 
24(1):372–380

Zhu X, Logan BE (2014) Microbial electrolysis desalination and 
chemical‑production cell for  CO2 sequestration. Biores Technol 
159:24–29

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self‑archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

https://doi.org/10.5402/2011/402647

	Microbial-induced carbonate precipitation (MICP) technology: a review on the fundamentals and engineering applications
	Abstract
	Introduction
	Geotechnical engineering
	Enhancing soil bearing capacity
	Resisting soil liquefaction

	Construction materials
	Improving cementconcrete mortar mechanical behavior
	Producing composite concretebio-bricks
	Remediating cracks
	A step forward: self-healing building materials

	Hydraulic engineering
	Mitigating leakage
	Controlling erosion

	Geological engineering
	Stabilizing geological bodies
	Improving soil thermal conductivity
	Problematic soil treatment
	New perspective: mitigating geological disasters

	Environmental engineering
	Fugitive dust control
	Contaminated soil remediation
	Carbon capture and storage

	Future opportunities and challenges
	Opportunities
	Challenges

	Summary
	References


